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February 24, 1989

TO: Distribution

FROM: James O. Arnold, Chief, Thermosciences Division
David M. Cooper, Chief, Computational Chemistry Branch

SUBJECT: ARC Sponsored High Energy Aerobrake HEAB Workshop,
January 31-February 2, 1989.

Ames Research Center hosted a workshop to discuss High Energy AeroBraking
(HEAB) activities of Project Pathfinder on January 31-February 2, 1989. The workshop
was attended by 69 participants with representatives from NASA Headquarters
(Codes R, Z, and M), Ames, Langley, and Lewis Research Centers, Jet Propulsion
Lab, Johnson Space Center. Boeing, Martin-Marietta, Lockheed, Stanford, San Jose
State, and North Carolina State Universities.

The workshop served as a forum to communicate the status of current HEAB activities,
to discuss interests, and to describe capabilities and prior work which could
impact/assist and future HEAB research. The first day and a half was used to describe
HEAB related activities and studies. (copies of all of the material presented are
enclosed.) The afternoon of the second day was spent in an open discussion to
identify key challenges, issues, and t(,chnology requirements as they relate to the
HEAB program. A complete tabulation of these issues is also attached. The
participants then divided into the following subgroups:

1. System Studies
2. Aerothermodynamics
3. Thermal ProtectionMaterials and Structures
4. Guidance, Navigation, and Control
5. Flight Experiments
6. Experimental an_Co_m-pL]_afi0nal Facility Requirements

to analyze the issues and make recommendations for future action items. The sub
groups spent the morning of=thethi_d day working the issues and the last afternoon
was used to present and discuss the conclusions and recommendations of the
subgroups. Copies of the summary charts used by the subgroups to report to the
entire workshop are enclosed.

In addition agreement to conduct in-house system studies to the identification of
important issues and directions for technology maturation, other significant
accomplishments included:
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1. Agreement to conduct system studies on minimum (using AFE-type
technology) and ambitious (vis-a-vis HEAB) piloted Mars missions to
focus/span/scope HEAB technology maturation.

2. A tentative definition of human G-tolerance in terms of both G loads and
time subjected to loading.

3. A clarification of the uncertainties in the structure of Mars' atmosphere and
that modeling activities could reduce this uncertainty.

The participants recommended that similar workshops should be held semi-annually.
The date and location of the next workshop will be identified later.

James O. Arnold

David M. Cooper

Enclosures
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PURPOSE AND EXPECTED PRODUCT OF PATHFINDER

HIGH ENERGY AEROBRAKING WORKSHOP

JANUARY 31 - FEBRUARY 2, 1989

BY

JAMES O. ARNOLD

BACKGROUND FOR PATHFINDER HEAB
WORKSHOP

JAN. 1987- PRESENT: CODE Z, M SYSTEM STUDIES INCLUDING MRSR

JAN. 1088 - PRESENT: FORMAT1ONOFOAST HEAB TEAM, LIST OF
QUESTIONS FOR CODE Z, TECHNICAL PLAN AN INITIATION
OF CODE R FUNDED RESEARCH AT ARC, LaRC JPL & JSC.

- ESTABLISHED NEED FOR JOINT WORKSHOP WITH CODE Z.

NOV. 17-19, 1988: CODE R/Z GLOBAL WORKSHOP
..... c

- TRANSPORTATION SAA

- MARTIN-MARIETTA (CLARK VIS-A-VIS AEROBRAKES)
- BOEING (WOODCOCK VIS-A-VIS AEROBRAKES)
- AFE
- OAST HEAB REPORT
- NEED _URE, FOCUSED WR_RKSHOPS

- DECEMBER 1988

- WOODCOCK VISIT
- DEVELOPMENT OF CONSENSUS FOR WORKSHOP



PURPOSE OF WORKSHOP

COMMUNICATION OF INTERESTS, OBJECTIVES, STATUS OF STUDIES
AND CAPABILITY VIS-A-VIS PATHFINDER HEAB.

I

CODE R CODE E I

COOE Z CODE M 1

DEFINE KEY AEROBRAKING ISSUES, "DISCONNECTS',

REQUIRED RESEARCH & COMPUTATIONAL & EXPERIMENTAL
(GROUND & FLIGHT TEST) FACILITY REQUIREMENTS.

DEVELOP IMPROVED COMMUNICATIONS, RECOMMENDATIONS FOR

FUTURE ACTIVITY & POTENTIAL NEED FOR SEMI-ANNUAL
WORKSHOP.

WORKSHOP PRODUCT

WORKSHOP PROCEEDINGS

- PRESENTATION VU-GRAPHS

- LISTING OF "ISSUES"

- RECOMMENDATIONS FROM WORKING GROUPS

BETTER UNDERSTANDING OF M!$SION REQUIREMENTS VIS-A-VIS
HEAB & DRIVERS FOR TECHNOLOGY_vI_A_T=U'iRA_6N

ADMIN. DETAILS

A'I-rENDANCE LIST

SIGN-UP FOR DINNER ON FEBRUARY 1, 1989 AT RESTAURANT

i



0.0

1.0

2.0

13.0

LIST OF QUESTIONS TO CODE Z FROM THE
PATHFINDER HIGH ENERGY AEROBRAKING TEAM

(OUESTIONS GENERALLY APPLY TO BOTH THE MRSR AND MMM MISSIONS)

IN-SPACE ASSEMBLY OF AEROBRAKES

FEASIBILITY/PRACTICALLY OF PRODUCING AEROBRAKE TPS
FROM LUNAR MATERIAL

CAPABILITY OF ASTRONAUTS/ROBOTS IN ASSEMBLY OF
AEROBRAKE

TRANSIT

- ALLOWABLE TRANSIT TIME - BOTH WAYS

- EFFECT ON SPACECRAFT THERMAL CONTROL BY ENTRY
THERMAL PROTECTION SYSTEM

- EFFECT OF IN-SPACE EXPOSURE ON TPS

MARS ENTRY AND LANDING

- RESULTS OF RECENT CODE Z SPONSORED STUDIES

ACCURATE INFORMATION ON HEIGHT OF FOUR VOLCANOES
AT + 20 AND -10 DEGREES LATITUDE - CURRENTLY LISTED AS
HIGH AS ABOUT 27 KM AND SHOWN IN VARIOUS PUBLICATIONS
AND MAPS WITH FACTORS OF TWO DIFFERENCES

AMOUNT OF DUST INCLUDING SIZE DISTRIBUTION IN MARTIAN
ATMOSPHERE AS FUNCTION OF ALTITUDE AND MARTIAN YEAR-
MAY EFFECT TPS DUE TO IMPACT

DESIRED PARKING ORBIT(S), LANDING SITES AND TIME TO BE
SPENT ON SURFACE

PRACTICAL LIMITS ON MISSION SCENARIOS/DESIRED
MASSES TO BE PLACED ON MARTIAN SURFACE

ACCEPTABLE G-LOADS ON CREW DURING MARS ENTRY FOLLOW-
ING LONG PERIOD OF SPACE FLIGHT

EARTH RETURN

PRACTICAL LIMITS ON MISSIONS SCENARIOS/DESIRED MASSES
BE RETURNED TO EARTHY/CORRIDOR WIDTH - INCLUDE DIRECT
ENTRY AND SPACE STATION RENDEZVOUS

, ACCEPTABLE G-LOADS BY CREW DURING EARTH RE-ENTRY
FOLLOW!NG LONG PE_.RIOD OF SPACE FLIGHT __ .

IMPACT OF Ai/ROBOTICS ON EARTH ENTRY MANEUVER/SPACE
STATION RENDEZVOUS

- WOULD THE HEAT OF RE-ENTRY SUFFICETO STERILIZE THE
RETURN ENTRY CAPSULE OF MARS "BUGS"

3
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PERSPECTIVE FROM
OFFICE OF EXPLORATION

SPACE TRANSPORTRATION
INTEGRATION AGENT

=;

R. Durrett
MSFC
1/31/89

5
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Organization
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Advanced

1

Launch 1

SystemsGroup

Uwe Hue._. Chief
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Development/
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OFFICE OF EXPLORATION
TRANSPORTATION IA MANAGEMENT PLAN

SYSTEMS
ENGINEERING/

REQUIREMENTS
& INTEGRATION

BRUCE WIEGMANN

TRANSPORTATION INTEGRATION AGENT

TECHNOLOGY/
ADVANCED

DEVELOPMENT

BOB OURRETT

PETE PRIEST

f
1

EARTH MOON
& INTER

PLANETARY

VEHICLE
DESIGN

PHIL SUMRALL

1
MARS/LUNAR

VICINITY

TRANSPORTATION

VEHICLE DESIGN

BOB DURRETI"

1-4424-li-SD

TRANSPORTATION INTEGRATION AGENT (TIA)
FUNCTIONAL ORGANIZATION

I TRANSPORTATION JINTEGRATION AGENT

!
! ! I I

SYSTEMS ENGINEERING TRANSPORTATION TRANSPORTATION

& INTEGRATION JADVANCED DEVELOPMENT

- REQUIREMENTS - INTEGRATED MARSI - MARSTLUNAR DESCENT & - TECHNOLOGY NEEDS •

- ARCHITECTURE LUNAR SPACESHIP ASCENT VEHICLES PLANS

- SYSTEM PERFORMANCE - TRANSFER STAGES - ENTRY & LANDING SYSTEMS

- _ IJ_SI_lilOOULE$
- CREW EXCURSION VEHICLES

- CARGO VEHICLES

- ORBITAL CAPTURE SYSTEMS

I CONTRACT SUPPORT

MARTIN MARIETTA

CYCLE 1 • 2 CONCEPTS

- BOEING AEROSPACE

TECHNOLOGY NEEDS

. _ Co.*RiCT
CYCLE 2 • FOLLOW-ON

- GENERAL DYNAMICS

INFRASTRUCTURE/ETO

I IMSFC IN'HOUSE SUPPORT] IsUG'AGENT

- SPECIAL AS,*;E_S-UENT__ -L.RC
"" ASSEMBLY TRADES

"" AEFIOBRAKE

"" HLLV

"" HABITAT

- COST/PROGRAMMATICS

t I NODES//SURFACE ]
ASSESSMENTS SYSTEMS SUPPORT

*- NEP POWER SYS,

-LaRC

-- RADIATION ASSY.

-JPL

-- M_ OPT|klIZATION

-JS_
-- PERSONNEL CARRIERS

- LiRC

-- NODES

- JSC

-- SURFACE $YS.

7
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• ONE CONTRACT AWARDED (GENERAL DYNAMICS SP. SYS. DIV)

• FIRST 18 MONTHS--TASKS AS SPECIFIED IN S.O.W. OR BY TECHNICAL
DIRECTIVES

• FINAL 18 MONTHS - TASKS AS SPECIFIED BY TECHNICAL DIRECTIVES

• ALLOWS FOR ADDITION OF SPECIAL STUDY TASKS .

• MAXIMUM (3 YEAR) TOTAL UP TO $5.5 M

• NASA-WIDE INVOLVEMENT

-CODES M, S, R, Z -MSFC

-JSC -[.,aRC

-KSC -LeRC



k

2=

N

E-=

INFRASTRUCTURE STUDY

TASK SUMMARY

TASKS

A _ICOMI_LE BASIC (CORE) MISSIONS AND REQLr_,EMEN'rs

B _AHALY'ZE DATA ON CU_NT AND M.AHNED TRANSPORTATION SYSTEM ELEMENTS

C DEVEI._P DATA FORMATS AND ANALYSIS PROCEDURES TO DE'I--r_R.MINETRANSPORTATION REQUIREMENTS AND
_U_ FOR SPF.C_C MISSION COMBINATIONS

D _ANALYZE CSLI DATA

o DLrrF.._CE, IE VAIIANYMMPACTS TO mA$IC TIh_$POITATION

• ASS_SS RF-SULTS OF C_l_[_,lU_ WffH BA5"_ $_r' OF HISSIG_

E ANALYZE TRANSPORTATION /_UCTURE REQUIREMENTSI_}R UPPER STAGES, XNTER-ORBIT TRANSFER
AND LAUNCH VEHICLF_

F __ROLEOF_NT__LAUNCHVEmCLESYSTEMS(ANVTH_RDF._VATNES)INFUTURE
SPACETRANSPORTAT_0NI_U .CTUR.F..S.WHERE INDICA_, PROPOSEAND EXAMINE OTHER VEHICLE

/ SIZESWHICHMIGHTBEBEYI'_ SUITEDTOTHESETOFMISSIONSUNDER_UDY.

O _ _'UD{F_ WHICH SHALL INCLUDE EXA.k, flNATION OF _ CO_ SUCH AS:

• _OF _/_'E:nASED TIA_PORTAlION

o _ _ HUMAN TRANSPORTATION UP/DOWN

o MP.ANS laDR RETURN OF SFJ.,ECI_D CARGO/PAYLOADS PROM

H ASSESS TEC'HNOI.0_Y OPTIO_ENE_TrS THROUGH TRADE STUDI_S

! CONDLK_ COST ANALYSES AND TRADE STUDIF.S

I PERFORM PROGRAM PLANNING TASKS

K PERR)RM SI_CIAL STUDtE_ AS SPF.CIFIED IN TE_CAL _

1-600-|-7T

OEXP TECHNOLOGY WORKING GROUP
CHARTER

==

GOAL

• ENSURE THE TIMELY AND ACCURATE IDENTIFICATION OF THE TECHNOLOGY NEEDS
.... FOR HUMAN EXPLORATION OF THE SOLAR SYSTEM

OBJECTIVES:

• RI_,_W THE APPROPRIATE TECHNOLOGY PROGRAMS TO UNDERSTAND THE

PROJECTED AVAILABILITY OF TECHNOLOGY TO SUPPORT HUMAN EXPLORATION

• FAC!LiTATE THE KNOWLEDGE AND USE OF VALIDATED TECHNOLOGY FORE CAS_TS:iN
..... THE DE_SIGN. OF ADVkN_MI_SiON CONCEITS- ........

.... --: - _ _ _:i_ _ _

• COORDINATE AND INTEGRATE THE IDENTIFICATION OF TECHNOLOGY NEEDS ACROSS

ALL OEXP ORGANIZATIONAL ELEMENTS (I.e°, MASE, IAs, SAAs)

2

• DEVELOP AND INTEGRATE A RECOMMENDED SET OF TECHNOLOGY NEEDS FOR THE
TIMELY TRANSMfrrAL TO THE TECHNOLOGY DEVELOPMENT COMMUNITY

• DEVELOP ANO INTEGRATE EXPLORATION NEEDS FOR ADVANCED DEVELOPMENT AND
MAJOR TECHNOLOGY DEMONSTRATION NEEDS

9
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[EXPLORATIONS STUDIES TEAM [

I "Q I
PROGRAM

OFFICES

I
OEXP

(co_ z)

CODI_ M

J14_41s1_'_'111e"i/J//I/I/11

SPF_CIAL S_ _IYS'TU_S /_ SYS'rP_s

_,s MISSION ANALYSIS

FIGURE 1.2-I

_8_M ENGINEERING & INTEGRATION J

1-4425-9-5D

EXPLORATION STUDY APPROACH

• CASE STUDY PROCESS

-ANNUAL STUDY ACTIVITY {1988-1991)

-ANALYZE ALTERNATIVE EXPLORATION STRATEGIES (NOT DEFINING "PROPOSED" MISSIONS)
-BUILD A TECHNICAL & PROGRAMMATIC DATA BASE

-POSTURE AGENCY FOR FUTURE RECOMMENDATION ON SPECIFIC EXPLORATION MISSION(S)

1 988 1989

- HUMAN EXPEDITION TO PHOBOS
- HUMAN EXPEDITIONS TO MARS
- LUNAR OBSERVATORY

- LUNAR OUTPOST TO EARLY MARS
EVOLUTION

1988

ANNUALREPORT

- LUNAR EVOLUTION _ . 1989

- MARS EVOLUTION _ ANNUAL- MARS EXPEDITION REPORT

w
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II
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- GATEWAY STUDY
-- MARS/LUNAR OPTIONS

--REDUCE SCALE OF ACTIV_ES

SPECIAL REPORT

TO THE

ADMINISTRATOR
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I CASE STUuv DEVELOPMENT SCHEDULE

PE_UtREMENT DEVELOPMENT

CASE STUOY WHITE PAPER

Rr=O'T OEV. STUOIES (MASE)

STUOY REQ'TS OOCLI_tENT (SRO|

VAIJOATICN (IA,MERTS)

REcur SYNTHESm (_SE)

iMPLEMENTATION (UlIMERI"S)

iMPt.EMENTATION I_TEC.d=_ TION (k4/_>E}

CYCLE _T REVIEW

DATA EKX_

DATA R_4JId_.MENTS INFqJT {IA)

SYNn¢ES_ (MASk')

OATA I_UI_:MENT8 _JsECIFIEO (MA_

0ATA INPUT IIA)

BASELINE DATA BOOK

PERIOOIG MNNTENANCE/UPOATES

ARCHIVE

MEETINGS

COOER WC_IKSHOP

WORKING G/IOUP WEEK

Z PROGRAM REVIEWS

FY89

o1,,I ol J i _l.l.l.l;iJ 1.1 s
m_,tr_A

! i 114

"_r"_'CYCLE ! _ |..(,.- CYCLE_

%_h:
I I

lyre t_

r-_

_ idlS, Slq_q' APl/_T'818

I 141 _IN_H T/le Trim

J
BlrBTZM P.J¢GI]NI_BIUNG & Ih"rP_,GR_1"iON J

WMIe U m m P.MMIImJOl¢_ _wm_

1-|O|-0-7T

1989 EXPLORATION CASE STUDIES

LUNAR EVOLUTION CASE STUDY

• ESTABLISH A HUMAN-TENDED _OUI"POST WHICH GROWS TO A SMALL PERMANENT BASE
AND THEN TO AN EXPANDED SELF-SUFFiCIENT FACILITY

• FIRST LUNAR MISSION IN 2004

• INmAL CREW SiZE OF 4 GROWING' TO8

• SIGNIFICANT SCIENCE RESEARCH CAP-ABiLiTY (ASTRONOMY, PLANETARY SCIENCE,
OTHER)

• REUSABLE SPACE TRANSPORTATION VEHICLES (LOX/LH2 PROPULSION)

• AEROBRAKING AT EARTH FOR RETURN VEHICLES

• PROPELLANT PRODUCTION FROM LUNAR RESOURCES

- FUEL LUNAR ASCENT/DESCE_I-'r VEHICLES (INITIALLY OXYGEN ONLY)

• ANNUAL LIMIT ON MASS TO LOW EARTH ORBIT FOR PURPOSES OF COMPARISON WITH
THE MARS EVOLUTION CASE

il
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Lunar Evolution -- Case Study 4.1 i

Bold -Crew Vehicles

\ Plain - Cargo VehicJes
LEO

/

/\

im

m

= _

W

rail

Lunar Piloted Vehicle

Aerobrake Dia. = 15.49 m

Max. Height = t 1.57 m
Tank Envelope Dia. = t0.44 m
Crew Cab Dia. = 5.31 m

Crew Cab Height = 2.19 m

S'.o,

10 meter scale
| ..... I I .... I
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1989 EXPLORATION CASE STUDIES

MARS EVOLUTION CASE STUDY

• INITIAL EXPLORATION OF THE MARTIAN MOONS (PHOSOS & DEIMOS), FOLLOWED BY
ESTABLISHMENT OF AN INITIAL MANNED. HABITAT ON THE MARS SURFACE, AND THE
DEVELOPMENT OF A MARTIAN MOON GATEWAY WHICH PRODUCES CRYOGENIC
PROPELLANTS. THE GATEWAY SUPPORTS THE BUILDUP OF A PERMANENT, SELF-
SUSTAINED MARS BASE.

• FIRST MISSION TO MARTIAN MOONS DEPARTS EARTH IN 2004 (CREW OF 3) - 60 DAY
STAY

• FIRST HUMAN EXPLORATION OF MARS SURFACE IN 2006 (CREW OF 3) - 60 DAY STAY)

• MARTIAN MOON (PHOBOS) GATEWAY WITH PROPELLANT PRODUCTION FROM PHOBOS
RESOURCES ESTABLISHED IN 2009

- FUEL MARS CREW SORTIE VEHICLE (LOXJLH2)

• HUMAN-TENDED MARS OUTPOST ESTABLISHED IN 2010 (CREW OF 3 - 1 YEAR STAY)

• MARS PILOTE D VEHICLES FOR CREW/CARGO TRANSFER WILL PROVIDE ARTIFICIAL - G

• SIGNIFICANT SCIENCE RESEARCH CAPABIUTY

• REUSABLE SPACE TRANSPORTATION VEHICLES (LOX/LH2 PROPULSION)

• AEROBRAKING AT MARS AND EARTH

• ANNUAL LIMIT ON MASS TO LOW EARTH ORBIT FOR PURPOSES OF COMPARISON WITH
LUNAR EVOLUTION CASE

Mars Evolution -- Case Study 5.0

Bold - Crew Vehicles

"_ Plain - Cargo Vehicles

LEO Phobos Orbit

Earth i

13
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1989 EXPLORATION CASE STUDIES W

MARS EXPEDITION CASE STUDY

• PERFORM A MANNED LANDING ON MARS AT THE EARLIEST FEASIBLE OPPORTUNITY

• ONE HUMAN MISSION TO MARS - VEHICLES SIZED FOR 200512006 DEPARTURE FROM
LOW EARTH ORBIT (INVESTIGATE 2003/2004 OPPORTUNITY)

• CREW SIZE OF 3 (2 CREW TO SURFACE FOR 20 DAYS)

• SPLrrlSPRINT TRAJECTORY FOR TRANSFER OF CARGO AND CREW TO MARS

- CARGO TRANSFERRED ON A LONGER, LOWER ENERGY TRAJECTORY WHICH
MINIMIZES THE LEO MAS_ R_OUIR_MENTS

- SPRINT TRAJECTORY UTILIZED FOR CREW TRANSFER TO REDUCE MISSION TIME
(14 MONTHS) THAT CREW WILL BE EXPOSED TO ZERO "G" ENVIRONMENT

• SPACE TRANSPORTATION VEHICLES WILL BE EXPENDABLE (LOX/LH2 PROPULSION)

• AEROBRAKING AT MARS, DIRECT RETURN AT EARTH

• NO EARTH ORBIT ASSEMBLY FACILITY (TELEROBOTIC & EMERGENCY EVA SUPPORT
FROM SPACE STATION FREEDOM)

J

Elm

I#

ml

M

M

Mars Expedition -- Case Study 2.1

\
LEO

/

Bold - Crew Vehicles
Plain - Cargo Vehk::les

14



Mars Descent Vehicle (MDV)

Dry Mass
(_.=,,_.,.. p=r.,o)

Payload Mass "

Payylo_/d Volume

(cone - 2.4m rad., 2.4m ht.) 3.1 m3
HAB Module

=_ (cyL- 3.8m reid.,3m hi.) 136 m 3
Propulsion System

Propellant Type MMHIN204
Engines

Number 6
i_aPe Shultle-OMS

ss (ea.) 134 kg
Thrust (total) 160 kN (36 klbf)

Isp (316 sec) 3.1 kN-s/kg
Propellant Mass 2,320 kg
Tank Mass 700 kg
Initial T/W 0.55

Total Mass 29,750 kg

"See attached sheet

C5,2, t

1-1104-g-gT

"CONTROLLED TRADE STUDY" DEFINITION

CONTROLLED TRADE STUDIES ARE TECHNICAL INVESTIGATIONS THAT ARE CASE STUDY
INDEPENDENT OR THAT AFFECT MORE THAN ONE CASE STUDY. THE RESULTS SUPPORT THE
DEVELOPMENT OF NEW CASES STUDIES, THE FURTHER MATURATION OF EXISTING CASE
STUDY IMPLEMENTATION STRATEGIES AND OBJECTIVES, OR ENABLE A TECHNICAL "ASSAULT"
UPON CASE STUDY CONSTRAINTS.

FY89 CONTROLLED TRADE STUDIES

• LAUNCH/ON-ORBIT PROCESSING STUDY

• EXTRATERRESTRIAL PROPELLANT LEVERAGING STUDY

• EARTH-MOON NODE LOCATION STUDY
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LAUNCH/ON-ORBIT PROCESSING STUDY OBJECTIVES

• DEVELOP A GREATER UNDERSTANDING OF THE ISSUES AND TRADE-OFFS INVOLVED iN

LAUNCHING, ASSEMBLING, AND SERVICING A SPACE TRANSFER VEHICLE (STV) IN LOW-

EARTH ORBIT (LEO). THESE iSSUES AND TRADE-OFFS INCLUDE:

- ETO LAUNCH VEHICLE PERFORMANCE CAPABILITIES.

- ON-ORBIT INFRASTRUCTURE AND OPERATIONAL CAPABILITIES.
- GROUND PROCESSING INFRASTRUCTURE AND OPERATIONAL CAPABILITIES.

- DESi(_T¢ OF THE _V.

- STV MISSION CHARACTERISTICS AND OBJECTIVES.

• DEFINE THE REQUIRED TASKS TO BE PERFORMED BOTH ON-ORBIT AND ON THE GROUND IN

ORDER TO LAUNCH FROM EARTH TO LEO, ASSEMBLE, CHECK-OUT, AND SERVICE IN LEO A

STV. IDENTIFY THE SENSITIVITY OF THESE REQUIRED TASKS TO THE ABOVE-MENTIONED

ISSUES AND TRADE-OFFS.

• DETERMINE THE LOCATIONS IN THE TRADE SPACE (THE "BREAK POINTS") WHERE CHANGES

IN OBJECTIVES OR REQUIREMENTS RESULT IN SIGNIFICANT CHANGES IN THE CAPABILITIES

AND/OR FACILITIES NEEDED.

DEVELOP A METHODOLOGY WHEREBY, GIVEN THE OBJECTIVES AND CHARACTERISTICS OF

THE STV's MISSION, THE OPTIMAL BLEND OF THE FOLLOWING CAN BE DERIVED FOR FUTURE

CASE STUDIES:

- ETO LAUNCH VEHICLE CAPABILITIES.

- DESIGN OF THE STV.
- ON-ORBIT INFRASTRUCTURE AND CAPABILITIES.

- GROUND PROCESSING INFRASTRUCTURE AND CAPABILITIES.

W

J

mE

W

i

w
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M
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LAUNCH/ON-ORBIT PROCESSING STUDY
RESPONSIBILITIES

M

• SPACE TRANSPORTATION INTEGRATION AGENT

- PROVIDE CONCEPTUAL DESIGN DETAILS OF PILOTED MARS STV DEVELOPED FOR

FYBg MARS EVOLUTION CASE STUDY

- PROVIDE CONCEPTUAL DESIGN DETAILS FOR AT LEAST ONE OTHER STV

CONFIGURATION (TBO) AS REQUESTED

t

i

• MSFC

- PERFORM AN ASSESSMENT OF POTENTIAL ETO LAUNCH VEHICLES

- DEFINE PERFORMANCE CHARACTERISTICS OF ETO LAUNCH VEHICLES INCLUDED IN

STUDY SET OPTIONS

- DEFINE PROXIMITY OPERATIONS SUPPORT CAPABILITIES (e.g., OMV)

- ASSESS FEASIBILITY ISSUES ASSOCIATED WITH AEROBRAKE DESIGNS AND
REUSABILITY FOR EACH SET OF STUDY OPTIONS

16
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EXTRATERRESTRIAL PROPELLANT LEVERAGING STUDY
OBJECTIVES

• DEVELOP A GREATER UNDERSTANDING OF THE RELATIONSHIP BETWEEN

EXTRATERRESTRIAL RESOURCES AND MANNED EXPLORATION OF THE SOLAR SYSTEM.

• DEVELOP THE METHODOLOGY AND GENERATE THE SUPPORTING DATA TO DETERMINE. FOR
A GIVEN SERIES OF MISSION CONSTRAINTS AND OBJECTIVES:

- WHERE iN THE EARTH-MOON:MA-RSSYSTEM IT MAKES SENSE TO PRODUCE
PROPELLANTS/RESOU RCES,

- WHERE IT IS MOST EFFECTIVE TO USE THEM,

- WHICH EXTRATERRESTRIAL PROPELI__ANTS/RESOURCES TO PRODUCE, AND
- WHEN SUCH PRODUCTION AND USE IS BENEFICIAL.

• OEVELOP A PRIORITIZEO CATALOG OF THE KNOWN PROPELLANTS AND RESOURCES IN THE

EARTH-MOON-MARS SYSTEM, INCLUDING THEIR LOCATIONS, QUANTITIES, AND USEFUL
CHARACTERISTICS.

• DEVELOP A PRIORITIZED CATALOG OF CHEMICAL PROPULSION SYSTEMS WHICH USE ONE

OR MORE OF THE EXTRATERRESTRIAL PROPELLANTS PRODUCED IN THE EARTH-MOON-MARS
SYSTEM. DEFINITION OF THE SYSTEMS WILL INCLUDE:

- PERFORMANCE CHARACTERISTICS,

- REIJSAB|LITY CONSIDERATIONS,

- VEHICLE/ENGINE LIFETIME, AND
- PROPELLANT STORAGE/TRANSFER CONSIDERATIONS.

• DEVELOP A PRIORITIZED CATALOG OF THE POTENTIAL PROPELLANT AND RESOURCE

EXTRACTION/PRODUCTION PROCESSES FOR USE IN THE EARTH-MOON-MARS SYSTEM,

INCLUDTN_ THEIR PRODUCTION CAPACITY/PLANT SIZE RATIOS, PLANT OVERHEAD, PLANT
RESUPPLY REQUIREMENTS, AND POTENTIALLY USEFUL BY-PRODUCTS.

• DETERMINE THE EFFECTS OF DIFFERENT TRANSPORTATION SYSTEM TECHNOLOGIES ON

EXTRATERRESTRIAL PROPELLANT/RESOURCE PRODUCTION AND USE.

1-OOI-|.IT

EXTRATERRESTRIAL PROPELLANT LEVERAGING STUDY
RESPONSIBILITIES

• SPACE TRANSPORTATION INTEGRATION AGENT

- PROVIDE CONCEPTUAL DESIGN DETAILS OF STVs (INCLUDING CHEMICAL, NTR, NEP,

SEP DESIGNS) AND LANDERS NEEDED FOR THE STUDY

- DEFINE VEHICLES CAPABLE FO UTILIZING ADVANCED CHEMICAL PROPULSION

SYSTEMS DEFINED BY LeRC

i7
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EARTH-MOON NODE LOCATION STUDY

7 =

M

mE

STUDY OBJECTIVES

THE OBJECTIVE OF THIS STUDY IS TO CONTINUE THE WORK INITIATED IN FY88. THIS
INCLUDES PROVIDING THE RATIONALE FOR USE OF AN EARTH-MOON SYSTEM NODE AND
DETERMINING A NODE LOCATION. FUNCTIONS AND OPERATIONS ARE TO BE DEFINED TO
INCLUDE ASSEMBLY, STAGING, STORAGE, CREW HABITATION, REFUELING, AND
LAUNCHING ASSOCIATED WITH THE AGGREGATION OF MISSION SUPPORT ELEMENTS FOR
OEXP HUMAN EXPLORATION CASE STUDIES.

STUDY RESPONSIBILITIES

• SPACE TRANSPORTATION INTEGRATION AGENT

- DEFINE LUNAR SURFACE TO NODE AND EARTH TO NODE DELIVERY DATA
INCLUDING VEHICLES, LUNAR ORBIT LOCATION, NODE FUNCTIONS. STV,
TRANSFER TUG (e.g.. OTV)

- IDENTIFY CONCERNS

• CODE M

- DEFINE ETO VEHICLE CAPABILITIES

- IDENTIFY CONCERNS

mE
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TRANSPORTATION PLANNING OVERVIEW

PRESENTATION TO THE HIGH ENERGY AEROBRAKING
WORKSHOP AT AMES RESEARCH CENTER

5436.FR0123 O01 Ca_

THE NEXT MANNED

BARBARA ASKINS
SW PROGRAM MANAGER

JANUARY 31, 1989

Office Of Space Flight

SPACECRAFT

• SATISFY PEOPLE/PAYLOAD REQUIREMENTS

• IMPROVE COST/EFFECTIVENESS

• INCREASE RELIABILITY

• INCREASE MARGINS

WHICH PATH TOI_FOLLOW?

EVOLUTION _:/ MANNED LAUNCH

PERSONNEL SYSTEM
v

LAUNCH SYSTEM
Office Of Space Flight=

_:_ 1_,oueoo4._ ............... _ .......... ':2 _ _:,:_± ::

19
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THE NEXT MANNED SPACECRAFT

STS EVOLUTION

• EXPLOIT NEW TECHNOLOGIES

• BUILD ON EXISTING ENGINEERING
DATA BASE

• MINIMIZE MOLD-LINE/
CONFIGURATION CHANGES

• COUNTER OBSOLESCENCE

• INCREASED PEOPLE CARRYING
CAPABILITY

ADVANCED MANNED
LAUNCH SYSTEM

• FULLY EXPLOIT NEW
TECHNOLOGIES

• IMPROVED DESIGN MARGINS

• CONFIGURATION/SIZE OPEN

• PEOPLE ONLY OPTION AVAILABLE

PERSONNEL LAUNCH SYSTEM

• WINGED OR BLUNT BODY

• INCREASED DESIGN MARGINS

• ELV LAUNCHED

• CONFIGURATION/SIZE OPEN

• LIMITED RETURN CARGO CAPABILITY

• UP PAYLOAD ON CARGO VEHICLE

I

5,136 t20_0005 GG

THE NEXT MANNED

Office Of Space Flight_

SPACECRAFT

TODAY

S4_I206N 006b-GG

ROAD MAP

STS EVOLUTION

PERSONNEL
LAUNCH SYSTEM

UP/DOWN CARGO
SOLUTION

• SHUTTLE- C ?
• ALS?
• RETURNCARGOCARRIER?

AMLS

Office Of Space Flight--,,
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THE NEXT

I1'

MANNED SPACECRAFT
I I ''

CONCEPTS

STS

Lifting
Body

_',,l_

r

im

Ballistic
Vehicle

,ld.|
|

I .=.m_. I---

/Glider_

tl

r-uly Par_
ReusaUe ReusaUe

Two-Stage

AMLS

ii

ExpexU_

,..I
v I

Office Of Space Flight-,_

NEXT MANNED SPACECRAFT

54_ O_-_ GG

PERSONNEL LAUNCH SYSTEM PATH

Lifting Ballistic
Body Vehicle

,_, =i
!

Expendable
Stages

Study Schedule and Resources are TBD

Office Of Space Flight_

21
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• LOWER COST OF SPACE TRANSPORTATION
• PROVIDE A FLEXIBLE SYSTEM
• PROVIDE INCREASED RELIABILI13'

USE
• TRANSPORT DoO ANO CIVIL PAYLOADS TO SPACE

COMPANION I PARALLEL STUDIES

• AMLS
• PERSONNEL LAUNCH SYSTEM
• SHUTTLE EVOLUTION STUOY
• SHUTTLE C

I |Hl_ll ! \
LIZ_NZ £0ml

I IIPIMJ4Iq.I

!
'88 '89 "90

ii
_3168go123_-GG

P0_IA
I

CORA

I I I I
_)! "92 "93

RESOURCES(FV) ._ i_ 1_0

FUNOING (NOA)'
SDI $225M $tSOM $100M
AF $10Q_

•ForP_'v_gPumosesO_

I I Office Of Space Flight--"

II I

I"-sHUTT' E.T'-Ii
OSJECTNE

• TO DEFINE A NEAR-TERM UNMANNED CARGO
VEHICLE UTEIZtNG STS ELEMENTS

USE
• SPACE STATION ASSEMBLY
• TEST BED FOR NEW NSTS ELEMENTS
• PLANETARY

COMPANION t PARALLEL STUOIES

• SHUTTLE EVOLUTION STUDIES
• ALS
• ALS ADVANCED DEVELOPMENT
• AMLS

ii i Iiiiii

• .,. -=.---_.. ......... ..

• iI Ill

.I ,,.., ,., ,... ,,,... w,
l_luallo. D,IIaIII l_=ll.**• . ,lu,=
I Jl* JILl * I I Ill* i*,. Ii

CEFIIE I

DEVELOP

IOC

'DO

I

F

i

I 'e9 I 90 I 91 " "92

III IIIIII illii iiii

_.MOI_ _-GG

J

I I

'93

RESOURCES (FY_ _ 19_ 1990

FUNDING (NOA)' $4.5M

MANPOWER

CIVIL SERVICE

' For Platting Purpose Only

Ufflce Of Space Flight--,

22
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SHUTTLE EVOLUTION

_JECllVE
• ASSESS PRACTICALITY OF EVOLVING CURRENT

DESIGN

• TO DEFINE STS "BLOCK UPGRADE" CONCEPTS
- RELIABILITY / SAFETY

- OPERATIONS COST i EFFECTIVENESS
- IMPROVED MARGINS

USE
• PROLONG SYSTEM LIFE
• CREW TRANSFER I RETURN

- SPACE STATION
- TRANSPORTATION NOOE

• CARGO TRANSPORT / RETURN
• SERVICING

ql

COMPANION / PARALLEL STUDIES

• AMLS

• ALS (MAN-RATED)
• SHUrTLE-C
• ALS ADVANCED DEVELOPMENT

• CSTI (OAST)

:\

. ;'-"

812RB3,E

EVOEUTION ASSE_ENr I [-"--"!

SYSTEMS DEFN I'ION J

iN_GRMION ,I, C(_,lr BENEFITS

Iilk&PLEMENlk 'i'lON RAN [---'1
i I t I l

"87 '88 "89 '90 91

543S-IROI2"J 003 GG

RESOURCES (Fy) 19m

FUNDING(NOA)' $1.oM

MANPOWER

CIVIL SERVICE 5

•F¢'_ng PumoNo,W

T !

$1.75M $3,4M

8 8

Office Of Space Flight-,,

-NASA
IADVANCED MANNED LAUNCH SYSTEM (AMLS)I

• TO DEFINE A SECOND GENERATION ADVANCED
MANNED LAUNCH SYSTEM

USE
• CREW TRANSFER I RETURN

- SPACE STATION
- TRANSPORTATION NODES

• CARGO TRANSPORT t RETURN
• SERVICING

COMPANION / PARALLEL STUOIES

• SHUTTLE EVOLUTION STUDIES

• SYSTEMS ANALYSIS (CODE RS)
• ALS (MAN-RATED)
• NASP

• ALS ADVANCED DEVELOPMENT

• CSTI (OAST)

N.HOUSE EFFORT I

PREPHASEA I

CONCEPT EVALUATION I

_436.8g(112"21 _ C,G

I I

I I I
rse 189 "_

RESOURCES (FY) _ _ t990

nJNOING(NOA)" So.r_ $1,_ $22M

MANPOWER
CIVIL SERVICE 5 5 5

"F_.Pta_.ng Pu_o_ O_y

Office Of Space Flight--

' + 23



OBJECTIVE

• OEFINE HIGH PERFORMANCE UPPER STAGE TO
ACCOMMODATE MISSIONS REQUIRING MORE
CAPABILITY THAN CENTAUR PROVIDES

- INITIAL VEHICLE log LATE 1990'S

- EVOLUTION TO INCRF.ASED
CAPABILITIES AS REOUIRED

USE
• UNMANNED PLANETARY MISSIONS

- MARS ROVER SAMPLE RETURN
• COMET NUCLEUS SAMPLE RETURN

• MISSION TO PL4NET EARTH
- GEO PLATFORM

• EVOLVE TO SUPPORT HUMAN EXPLORATION

_S$ • ___]

_-I_I II

COMPANION I PARALLEL STIJOIES

• SPACE TRANSPORTATION INFRASTRUCTURE STUDY
• CENTAUR UPGRADES

• SPACE TRANSFER CONCEPTS AND ANALYSES FOR EXPLORATION MISSIONS (OEXP)
• LONG-TERM CRYOGENIC STORAGE FACILITY SYSTEMS STUDY
° MSFC IN-HOUSE CONCEPT DEFINITION

RESOURCES (Fy) lge8 lgW 1990

W.HOUSE I FUNDING (NOA)" $025M $2.5M $25M

PHASEA ! I MANPOWER

PHASEe ," .-: .-- :_ CIVIL SERVICE 3 4 4

I I I I I ° For PlanningPtaposes Only
•. 'e9 'go _t '92 '93

.... Office Of Space Flight---.
S436 _I23-_C,G

• STUDY FEASIBILITY OF SYSTEMS FOR SAFE RETURN OF
CREW FROM SPACE STATION

use
• CREW EMERGENCY RETURN

- NSTS DOWN
- SPACE STATION CATASTROPHIC EVENT
- CREW INJURY / ILLNESS

COMPANION / PARALLEL STUDIES

• PRECISION RECOVERY
• PROPULSION I AVIONICS MOOULE

$436 _123 007._

I

I I

! !

I. I I
'96 '$7 'M "89

I iii II III

RESOURCES (FYI 1987 1988

FUNDING (NOA)' $3.0M $20M

MANPOWER

CNE SERVICE 12 12

• ForPtanrlng PurposesOnly

Office Of Space Fligl

24
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I PROPULSION / AVIONICS MODULEli

O_ECTIVE
• DETERMINEFEASIBILITYOF PACKAGINGANDRECOVERY

OF PROPULSIONANDAVIONICSCOMPONENTSFOR REUSE

USE
" ADVANCEDLAUNCH SYSTEM

- COREP/A MODULE
- BOOSTERENGINE

• SHUI-rLE-C EVOLUTION

COMPANIONI PARALLELSTUDIES
• PRECISIONRECOVERY
• SHUTTLEC DERNITION
• ALS CONCEPTDEFINITION

_a

a_malee

- ,,, - i- _,-, _..,

_E_JLE

_' I ! L.,'_"_a°_.0.2 i ::":_

-Boe_I _ ,"::::_;
•aT I "ea I "e9 I .9o I _1--

i l if!

RESOURCES(FYt 19m 19M 1990

FUNOING(NOA)' $1.0M $0.7M $_.0U

MANPOWER
CIVILSERVICE t 1 1

• F=P_g Puq_esOnh/

Office Of Space Flight----'

I PRECISION RECOVERY U

• DEFINEANODEMONSTRATEFEASIBILITYFOIl.SOFTLANO
RECOVERYOF HIGH COSTCO_NE'NTS

USE
• RECOVERYOF FULLYANDPARTIALLYREUSABLE

SUBSYSTEMSAND VEHICLES
- PROPULSIONI AVIONICS(P/A) MODULE

(so KLeS)
- ACRC

COMPAN! N I PARALLELS11JOES
• PIA MODULE
• ACRC
• SHUI"I'LE-CDEFINTtON

•, 1//J

_ISTITUTIONALRESOURCEG
• AMES80 X 120FTWINDTUNNEL

SC_E
R._S_IASS_SS_EN!I

reasanv I
_m_ I I

w_otu_'z I
test I

kUlrOMkTeO CONTROL I

P_as_mauto,cat_c I
CONrn(x_eaO m I I'86 '87

S451-_1_e_41.O0

]

RESOURCESIFYI 19_ 1989 1990
FUNDING(NOA)"

UO St._ S_._ $!.71,t
ALS "OOO" _.0M _'.s_ _.zs_

MANPOWER
CIL SERVICE 5 5 5

Office Of Space Flight,_
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• ASSESS FEASIBILITY I COMPARISON OF PRESSURE FED & PUMP

FED LI:I8 SYSTEMS FOR STS AND OTHER APPLICATIONS

• PERFORMANCE (STS GROWTH)
- COST(LCC)
- SAFETY (ENHANCE ABORT OPTIONS)

• IMPROVE MARGINS (LOWER SSME POWER LEVELS)

use
• SRM REPLACEMENT ON STS

COMPANION 1 pARALLEL STUDIES

• HYBRID R( !_T FEASIBILITY STUDIES (CODE R)
• ALS ENGINE UEFtNITION STUDIES

i

PHASE A I ( I f

I

ALTERNATE |
APPLICATIONS I

| ] I
'117 "811 '89

54_.IK)0123 O IO-GG

RESOURCES (F'Y) _ _ 1990

FUNDING (NOA)" $12.0M $0 $0

MANPOWER
CIVIL SERVICE 8 4 0

• F= Ra.ning PurposesO_y

Office Of Space Flight_

I ...."SPACE_'R'_"A"NSPO_R-T.ATIO_i-M--Ai'N_ENGiN_E-"(ST-M_Ei...........l"
ISPACETRANSPORTATIONBOOSTERENGINE(STBE)I

OBJECTIVE

• TO EVALUATE ANO DEFINE CANDIDATE ENGINE CYCLES
ANO CONFIGURATIONS FOR ADVANCED LAUNCH VEHICLE
SYSTEMS.

• TO EVALUATE ROM DDT&E AND PRODUCTION COSTS (LCCJ

USE
• ALS

• SHUTTLE-C
• AMLS

COMPANION/PARALLEL 8TUOIES

' ALS VEHICLE CONCEPT AND SYSTEMS DEFINITION

RESOURCES (FYI- _ 19e9 1990

FUNDING (NOA)'
MD $2.8M
ALS "DO0" $36M $90M $f95/d

MANPOWER
CNg. SERVICE t 4 4

' ForPtann_xjPu_osesOrgy

,Office Of Space Fligl
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_ III IIII I

SPACE TRANSPORTATION INFRASTRUCTURE
STUDY

• ASSESS HUMAN EXPLORATION TRANSPORTATION
INFRASTRUCTURE REQUIREMENTS

• ASSESS CONCEPT FEASIBILITY OF NEW TRANSPORTATION
SYSTEM ELEMENTS AND ASSOCIATED TRADE STUDIES

• OPTIMIZE LEO AND ORBIT-TO-ORBIT
TRANSPORTATION ELEMENTS

• TRANSPORTATION ANALYSIS OF CIVIL SPACE
LEADERSHIP INITIATIVES

• IDENTIFY TECHNOLOGY REQUIREMENTS

COMPANI_ I PARALLEL STUDIES
. STV CONCEPT DEFINITION STUDIES

• SPACE TRANSFER CONCEPTS i ANALYSES FOR
EXPLORATION MISSIONS

• ALS
• SHUTTLE-C
• SHUTTLE EVOLUTION / FOLLOW ONS
• AMLS

• OPERATIONALLY EFFICIENT LAUNCH SITE (OELS)

- STME
-SIRE
-SWE(

-_I II

•AI_ II

_NT$
ANO_YSIS

5436 _JOl2"J 012 GG

I I

I I I
'89 '90 _1 _92

I
"93

FUNOING(NOA )" _

MANPOWER
_IL _R_E 3

'___

4 4 4

Office Of Space Flight-_'

27



III

IMI

U

m

I

m

i

am

I

M

=

28



= =

__..2

Liii!_

M

2_

t!/_

F

E

_4

"HUMAN TOLERANCETO_GHEa'qERGYAEROBRAK_G"

PRESENTATION TO HIGH ENERGY AEROBRAKING WORKSHOP

BY

MALCOLM M. COHEN, PH.D.

LIFE SCIENCE DIVISION

AMES RESEARCH

JANUARY 31, 1989

"HUMAN TOLERANCE TO HIGH ENERGY
AEROBRAKING"

AEROBRAKING UTILIZES ATMOSPHERIC DRAG ON THE

VEHICLE TO REDUCE VELOCITY WITHOUT THE

APPLICATION OF ADD_I-ON---_.-L-'-POWER AND THE
UNNECESSARY USEOF _EL. ....

• THE ACCELERATi_ FORCE-(G) ACTING ON THE

VEHICLE DETERMINES THE RATE AT WHICH VEHICLE

VELOCITY IS REDUCED.

• OPTIONS EXIST _EREBY G MAGNITUDE CAN BE

TRADED OFF AGAINST G DURATION TO ATTAIN A
GIVEN REDUCED VELOCITY.

• TRADE-OFFS BETWEEN G MAGNITUDE AND DURATION

WILL HAVE A MAJOR IMPACT ON HUMAN TOLERANCE.

29
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"HUMAN TOLERANCE TO HIGH ENERGY

AEROBRAKING"

FOR A NORMAL INDIVIDUAL WE CAN SPECIFY THREE

CARDINAL HUMAN BODY AXES ALONG WHICII LINEAR

ACCELERATIVE FORCES CAN ACT:

+Gx = FORCE RESULTING FROM A SPINE TO CtIEST

ACCELERATION OF THE BODY; THE REACTIVE

FORCE DISPLACES INTERNAL ORGANS FROM

CHEST TO SPINE.

+Gz FORCE RESULTING FROM A FOOT TO HEAD

ACCELERATION OF THE BODY; THE REACTIVE
FORCE DISPLACES INTERNAL ORGANS FROM

HEAD TO FEET.

+Gy FORCE RESULTING FROM A LEFT TO RIGItT

ACCELERATION OF THE BODY; THE REACTIVE
FORCE DISPLACES INTERNAL ORGANS FROM

RIGHT TO LEFT.*

*NOTE:

(Some authors do not maintain the polarity of the convention in the y axis,

and designate the force that results from a left to right acceleration as -Gy.)
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7.19 Gx

(t Min.)

• 1.2 Gz

i17 Min.)

"HUMAN TOLERANCE TO HIGH ENERGY
AEROBRAKING"

TOLERANCE TO ACCELERATION DEPENDS ON TIlE

ORIENTATION OF AN INDIVIDUAL WITH RESPECT TO

THE G FORCES ACTING ON HIS/HER BODY.

IN THE NORMAL SEATED ORIENTATION, THE LIMITING

FACTOR FOR SUSTAINED APPLICATION OF Gz FORCES

IS THE DELIVERY OF ADEQUATE OXYGENATED BLOOD
TO THE BRAIN.

• THE WEIGHT OF THE BLOOD IN THE HEART-BRAIN
COLUMN CAN EXCEED THE CAPABILITY OF THE

HEART'S PUMPING ACTION IN THE RANGE OF 3.0 TO

8.4 Gz OVER A PERIOD OF SEVERAL SECONDS.

• BEFORE BLOOD SUPPLY TO THE BRAIN IS SIGNIFI-

CANTLY REDUCED, THE BLOOD SUPPLY TO THE

EYES CEASES DUE TO INTEROCULAR PRESSURE; VISION
NORMALLY FAILS FIRST.

31
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HUMAN TOLERANCE TO HIGH SUSTAINED Gz FORCES

CRITERION MEAN THRESIIOLD

LOSS OF PERIPtlERAL VISION 4.1

LOSS OF VISION (BLACKOUT) 4.7

LOSS OF CONSCIOUSNESS 5.4

STANDARD DEVIATION RANGE

+_0.7 2.2 -7.1

+_0.8 2.7 -7.8

+0.9 3.0 -8.4

U

7

NOTE: IG = 9.81 METERS/SEC 2

20.0

19.0

18.0

I7.0

16.O

15.0

14.0

13.O

12.O

11.0

I0.0

9.0

80

7.0

6.0

5.0

4.0

3.0

2.0

1.0

0.0
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HUMAN TOLERANCE TO Gz ACCELERATION

AS A FUNCTION OF ONSET RATE
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"HUMAN TOLERANCE TO HIGH ENERGY
AEROBRAKING"

G TOLERANCE CAN BE GREATLY ENHANCED BY APPLY-

ING THE FORCES ALONG THE +Gx AXIS (I.E., FROM

CHEST TO SPINE, WITH THE INDIVIDUAL SUPINE WITI-!

RESPECT TO G).

IN THIS CASE, THE LIMITATION BECOMES ONE OF

RESPIRATION AND MOVEMENT OF THE CHEST;
RESPIRATION CAN BE MAINTAINED FOR SEVERAL

SECONDS OVER A RANGE OF 8 TO 14 Gx.

BECAUSE OF THE GREAT EFFORT INVOLVED, FATIGUE

BECOMES A MAJOR CONSIDERATION.

WE WILL NOT CONSIDER THE Gy AXIS HERE BECAUSE
OF THE DIFFICULTY IN PROVIDING ADEQUATE

RESTRAINT, AND THE RESULTING DISCOMFORT.

50.0

HUMAN TOLERANCE TO Gx & Gz ACCELERATION

(AFTER CHAMBERS, 196,3)

40.0

30.0

20,O

10.0

0,0
I I I 1 1 I .........

0.01 0.05 0.1 0.5 1 5 10 50

EXPOSURE T_ME IN MINUTES

[] +Gx o +Cz
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"HUMAN TOLERANCE TO HIGH ENERGY AEROBRAKING"

THE PHYSIOLOGICAL CONDITION OF AN INDIVIDUAL CAN

DRAMATICALLY INFLUENCE HIS/HER TOLERANCE TO
ACCELERATIVE FORCES.

THE TOLERANCE LIMITS AND ACCELERATION VALUES
PRESENTED HERE ARE GENERALLY DERIVED FROM ADULT
MALE HUMANS ON EARTH WHO ARE IN GOOD PHYSIOLOGICAL

CONDITION.

LONG DURATION EXPOSURE TO MICROGRAVITY CAN LEAD TO
APPRECIABLE PHYSIOLOGICAL DECOND1TIONING THAT RESULTS
IN ORTHOSTATIC INTOLERANCE, BONE DEMINERALIZATION,
AND MUSCLE ATROPHY.

THESE CHANGES CAN SIGNIFICANTLY INCREASE THE RISK OF

FAINTING, BREAKING ONES, AND BEING INCAPABLE OF
LOCOMOTING UPON RETURN TO A GRAVITATIONAL FIELD.

ALTHOUGH COUNTERMEASURES IN FLIGHT AND UPON RE-

ENTRY CAN BE USED TO MINIMIZE THE DECONDITIONING,
OBJECTIVE DATA ARE EXTREMELY LIMITED.

COUNTERMEASURES CURRENTLY IN USE INCLUDE DIET,

EXERCISE AND SPECIAL GARMENTS IN FLIGHT, AND

BOTH FLUID LOADING AND ANTI-G SUITS UPON RE-

ENTRY.

THE USE OF ARTIFICIAL GRAVITY IN LONG DURATION

MISSIONS IS ALSO CONTEMPLATED, AND ALTHOUGH IT
MAY PREVENT THE PHYSIOLOGICAL DECONDITIONING OF

WEIGHTLESSNESS, IT WILL IMPACT VEHICLE DESIGN.

• ENGINEERING, BIOMEDICAL RESEARCH, AND
OPERATIONAL TRADE-OFF STUDIES WILL BE NEEDED

TO ASSESS THE EFFECTIVENESS OF EACH

CONTEMPLATED COUNTERMEASURE AND ITS

INTERACTIVE EFFECTS WITH MISSION PERFORMANCE IN

VARIOUS MISSION SCENARIOS.

• VARIOUS MISSION SCENARIOS PROJECT H.E.A.B.

VELOCITY CHANGES RANGING FROM 9,000 TO 24,200

FEET PER SECOND (2,744 TO 7,379 METERS/SEC). IF
THESE DECELERATIONS CAN BE ACCOMPLISHED IN TIlE

RANGE OF 2.5 TO 10 MINUTES, THE ACCELERATION

LOADS ON THE VEHICLE AND I TS OCCUPANTS WILL BE

WELL WITHIN HUMAN TOLERANCE LIMITS.

DESPITE THE CAUTIONS CITED HERE, HIGtt ENERGY

AEROBRAKING IS POTENTIALLY USEFUL FOR BOTll

MANNED AND UNMANNED SPACE MISSIONS.
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Figure 2.1.2.1-h Mars Landed Mllltdon Module (MLMM),

Designed by Ethen CUffton

Mars Lander Hab Module (MLMM on MDV)
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Mars Ascent Vehicle (MAV I

Dry Mass
(includes payload) 3,758 kg

Pay(oad Mass
(crew & sUpl_lies) 470 kg

(cone • 1.8m rad.. 2.3m hi.) 8 m3
Propulsion System

Propellant Type , MMH/N20_,

Engines
Number 4
IT_aPe Delta

ss (ea.) 100 kg
Thrust (total) 178 kN (40.0 Idbf)

Isp (320 sec) 3.14 kN-s/kg
Propellant Mass 19,422 kg
Tank Mass 1,942 kg
Initial T,_V 2.55

Mass Fraction
Ascent tO 24.66 hr
elliptical orbit 0.183

Total Mass 23,180 kg
I,IIl,lllllilllll
0 2 4 6 8 10 12 14 15 M

we,

i

_rANT#.'! If,IRIETTII CS-VeliclI.L M MS$ I Ill |111
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Crew Size H_lln FLIOrl

Crew Skills and Personalities Needed

theDoer: piloLemergency rescuer,procedun_follower, technician,builder

thellealer:generalpracfi[ioner,surgeon,dentist,EM'r, psyehologlst;exobiologist,blochemist
theR_er: maintenance/repairman, handyman, enllineer
_he il*cker: computer program cmflsrnan (all others a#¢ ¢oml_tet users), mathematician
the Inquirer: scientist, explorer, Sherlock, synthesizer (j[eolplpher, planct|u'y geologist, astlophysicist, exobiologist,

climatologist, chemist, geophysicist) .
the SlabiliT.er: decision, maker, social leader, corrarnunicamt with home base, guardian angel (safety). the Coach

Crew Number and Resnonaihilitles

Title Prtm-ry Respons|biih7 Backup Rcaponlibllit7

I. Commander the Stabilizer, the Doer Engineer
2. I st Engineer the Fixer Cmdr, Soflwalm
3. MedicalOf1_cer theHealer Scianti_
4. Scientist the Inquirer Engineer, 5o(twmt, Medical

5. Pilot theDoer Cmd¢, Enip"
6. Medical Speciafist Healer's asslstant/back-up Medkag, Scieadst
7. Field Scientist addhlonaJ Inquin=r PiloL Engineer
81 Technical $_alist Ist Engnr'sassistant/back-up Scientist, Med Specialist
9. Sofiwa_ Engineer theHacker Engineer, Scientist

Mars Descen| Crew;

Lander commander (Engineer or Pilot), Scientist, F-mid Scientist, Medical specialist
(Nc_e: Commander and Medlcal Officer must "stay with the ship." Scientists needed most on surface.)

M.4RTIN MARI_C'ITA v-Gg.MMSS.S I}/28/II
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Zero Gravity Configurations:

Two Space Station Modules

Cordwood-2 H-Configuration Hub-H Tandem N_es-2

i

M

D
Spoked-2

I d | " I " ! " I " I

0 10 20 30 40 50 FT

0 4 $ 12 16 M.

Zero Gravity Configurations:

Five and Six Space Station Modules

elm

i

Oouble-Trkmgle-2

Spoked.5

G

Spo_od-S
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Figure 1.1.2.1-3a Radiation
iiiii

7

_/_ _

Shelter
I

Situated at Habitat Module
II I

Swing Out
Equipment Racks

Storage/Receptacle Bins Containing

Provisions/Wastes

L-L9

Configu 'ation C

IMM for 4 Crew, MDV for 3 Crew, 20 Sol. Stay

/

I MAV

/

MDV / /

Entry Ab _"

(5o ft)

MAb

(80-ft total, 40-ff Rigid Core)

Minimum Lander Habitat

,__s ,J_ (lS-ftdiaxeft)

/ _ _ _ Support T russwork

IMM (Habitat Modules)

2 ea, 30-ft Length
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Case Study 1

l

Human Expedition to Phobos
I

im

MARTIN MARIETTA V-G15.MMSS-I sit 6/88
i

Table 1.3.-3 Alternatives Mass Summary--Case Study 1

NC i,d I

IIC- 1R Reference (IJl. prop.480/4(_/320; nora tank (0. I 5); low boil;
_ sep _a!'a_e Phi _V t 9.8 t; 7 t MRSR; ECC'V dl,'ocl entry, 619m/s_

TIC. IA Mars aerobmkes _MAb's) forpikxed and cMSo

FIC:!A:b Ncxtlater oppor_nit_

"['IC-IA-( ' Vc'nus probes

"11C-IA-m 2-sag TMI_
-1A-bin 2-sag TMI$, .next oppocluni:y

-IA-dm adv. prop. (_48,3/470/340;b : sail

• IA-fdm Venus probes t [_l,.s prrcedi |

_h v. conserv. LH2/I.,OX prop _sion 10.206 t_ks.)j high boil

I -IA-hF 11ydrocaxbon/LOXforTEI,395),hi|hboil "

:l A:-U-- adv technol, cryoprop (lank b_e0.075)
- I A-u I adv p'chnol, cryoprop 0ankag¢ 0.075), no boiloff

"['IC- I B Nuclear "l_¢nn_ Rocket _NTR) foe TMI only

TIC. I B-p all pmpulslve. TMI toe all _Ai r DSM 1MOO T TE 0

TtC-IB-ph same. but hiE[1 boiloff

TIC-lAB NTR+MAb

• IAB-h NTR+MAb, hijth boiloff

-tAB-p NTR forT'El also
I-AB-hl NTR+MAb, tdv cryoprop (tankaRe 0.075), high boiloff

........ IMI.EO ............. File .-

Hum Car To_al Miss l Rcf

1311.3 467.0 1778.3 m-FD m-IX;

i .
452.9 311.7 764.6 l,n-h_ m I)11

817.5 275.1 1092.6 m-t:T m-DW

463.7 311.7 775.4 m-Gl') ,n I!.q

416.0 31i.6 727.6 ,,-EU ,,i-[)×

737.9 275.1 I013.0 m-EV m-DY

403.0 298.6 701.6 m-EVQ

412.7 298.6 711.3 m-EX m.l-'.A

717.2 538.8 1256.0 m-EY 'm.l')U

454.9 3200 774.9 m-EZ m-l)U

367.5 248:9 616.4 m-FZ ,I;.l:.S

357.5 234.8 592.3 m-Oil m-ES

771.1 317.4 1088.5 m-FE m-l-B

538.2 314.0 852.2 m-FF m-l'C

1004.9 555.8 1560.7 m-FG m-I-D

284.2 225.9 510.1 m-FA ,,,-EE

321.4 276.3 597.7 m-FB m-EF

281.9 214.8 496.7 m-FC m-E,C;"
302.6 244.6 547.2 rn.GI ,mFB

V

w

w

I th' I IN AIAIt IE'I"[A C$-I.MMSS-I'q 1-&6 9/22¢88
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Fig. 1.1.2.1'-6e Trans-Mars., InJo0tl.Orrn,,System (TMIS)

Dry Mass
(includes payload) 499,850 kg

Payload Mass
(MTV) 377.030 kg

Propulsion System
Propellant Type LOX/LH2

Engines ,
Number 1
Type SSME-derivatlve
Mass (ea.} 3,175 kg
Thrust (total)(543 klbf) 2.415 kN

Isp (480sec) 4.71 kN-s/kg
Propellant Mass 811,490 kg
Initial T/W 0.19

Mass Fraction
Total 0.38

Total Mass 1.311.340 kg

0 4 8 12 16 M_

_1 _1,'1 IN _I_UIICI'I'A C5-Vch_clcs.MM$$ 1 - 2 ._ t OI4IS|

ETO Manifest -- Case Study 1 (91 t HLLV) ETO M._rt,_s:

Launch Date Item Mass

t. HLLV-1 Apr '00 Mars transfer vehicle (MTV] minus 90.6 t
2. HLLV-2 Jun '00 TMIS Tank #1 91.0 t
3. HLLV-3 Aug '00 TMIS Tank #2 91.0 t
4. HLLV-4 Oct '00 TMIS Tank #3 91.0 t
5. HLLV-5 Nov '00 TMIS Tank #4 (small tank) 42.2 t
6_ STS-I Dec '00 Crew for teie0perated assembly of
7. HLLV-6 Feb '01 TEIS(fully loaded) 58,7 t

Teleoperated docking of TEIS and MCV from Earth. Launch Apr '01 via Earth command.

8. HLLV-7 Apt '01
9. STS-2 May '0t
I0, HLLV-8 Jul '01
11. HLLV-9 Aug '01
12. STS-3 Sep '01
I3. HLLV-t 0 OCt '01

thru thru
9. HLLV-16 Apt '02

20. STS-4 May '02
21. STS-5 Jun '02

MTV, minus MOCS 81.1 t
Crew #1 ; initial boarding and checkout
MOCS Tank #1 91.0 t
MOCS Tank #2 plus engine, PA 87. I t
Changeout to crew #2
TMISTank #1 91,0 t

thru 91.0 for 5
TMIS Tank #7 51.5 t
Deliver final assembly hardware and crew #3
Crew changeout to fhght crew (#1, #2, or #3}

t,rL/.'I IV L! II,'lf"l'l',t C._-I _tlM_;._.21 I tit 2t88
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Requirements and Assumptions - Case Study 1 R_u.-emenl$

-- TOlel -- Launch User Accommodation ---Surface --- LEO

M_ss_oMCrewnmt O=e _ Mmm(t) _._ Crew'nme Mass_t_

CS-1 Car-1 -- 800 d 4-01 Phobos 20 Phobos science .... < 410
Hum-1 4 440 d 8-02 Phobos 5 MRSR (2 ea.) 2 20 d <320

0.1 User eccomm.

Other RequlrQments:
• 20-:_0 days at Phobos, close prox, "but not land per se'. Dock with a previously planted "drogue'.

will require "crew $tablUtytmoblllty aids" for EVA work on Phobos
No SS assembly. Sl_lt:spdnUconJ
Man-rate xport hardware 3 yr before launch.
Four 6-hr EVAs. (3.1.1)

Fly-around abort=.
EOC to LEO node (3.1.1)

1-2 yr in-LEO damo/vedf of process requirements (3.3.2)
Payloads: MRSR, PNL, balloon robots (3-4): 15 t. Venus probes: 3 t. (A. 1)

Assumptions for Baseline:
• Marsaerobraklng;ECCV forcrewrecoveryat Earth
• Engineperformance:isp=460sfor cryo;320 for storablebiprop
• Propulsion:CryoforTMI, TEl; BIpropforDSMXXX, MOC, MOO, RCS

Marspaddngorbit:250km x 1 sol; Phobosexcursionvehicle(PhEV)NoVenusprobes
• TwoSS-dedvedmodules;"H"configuration

Trade Studies:

• max use of existing hardware; eadier departure window; direct earth entry (3.1.2)

.ARr_M._,_rA Preliminary V-G _ MMSS-Z5 6 / I 9/8 8

tee

11ule

i

lie

ep

eel

T,tie cenario 2 -- Human Expeditions to Mars
Revision: New Date: 6-13-88!1992:1993 1994 1995i 1996 1997

1 Pre-Phase A

2 Phase A

3 Phase B

4 Phase C/D

5 Mars

6 Car-1
i

7 Hum-1

8 Car-2

9 Hum-2

10 Car-3

11 Hum-3

12 Precursors:

13 Mars Observer
MRSR

14 Space Station
VGRF

15 Propellant Depot

16

Page t of 1

Originator B.C Clark

1998 1999 2000 2001 2002 2003 2004 2005 2006

,_i iil iii iii ii! !ii iii iii ii il ii !i !i

_;' 'ii i!i iii iii i!i !i! iii !i!_!_'i° _'_:i!,ii lii

iil ili i!! i! i!i ili !ii iii ii i!ii i ! !_;_'_
i '_ immm= i

iii iii iii ii i_i iii ',! i!i !i! _i! _i ii ! ii _,i'__
ili i;i ii! if! i!! if! ili iii i!ii !i '_iii!i i!,_, i!i iii iil iii !ii iii i!! i l ii!ii _i'_!!.ii

,,, ,^, _, ,,i =:;_ili ii iii il _,_,!i__i} !ii iii
':' :' "- ......... :'.i _:: ::: i!: _:: _!:: ii!

iii i! il iii iii! !ii !iii iil ili iil _!! _.
DeveloOmenl

I Use In Space
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Case Study 2 Transportation

U

Human Expedition to Mars
m

J

_/ _1:71,'; tf._A'/[.TI,t CS-2.MM$$-1 11112188

Mars Cargo Vehicle (MCV)
I I I I IIIIII _U I II

V

TEIS

Propellant Tanks
(3 each)

MAV

Aerobrake

(Aerocapture
and Lander
Entry)

MDV
W

I
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FigUre 2.1.2.1-1a Mars Spaceship, Case Study 2
I

_ /Aerobrake

'oWA - 7''''0'0'

/---- Fluid unnel (6 t 'd)
Storage Tank Aerobrake

Cluster

Figure 2.1.2.1-5a Mars Transfer Vehicle (MTV) (Piloted)

Docking Port

SS-Oerived Central
Modules Pressurized Module

PVPA

Aerobrake



Fig. 2.1.2.1-7
Mars Orbital Operations, Step 2 - Docking of TEIS and MDV
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Table 2.1.4-2

TIC i.d.

co,_

TIC-IR

TIC- IR-a
TIC- 1R- b

TIC- i R-c
T[C-IR-d
TIC- IR-h

TIC- 1R-I
IT]C-IR-Ih
Y[C-IR-u
TIC-IR-uI

TIC-1R-i

|R-m I-$1's'TMI$TIC-

TIC-IR-n

TIC-2R

TIC-3R

TIC-2R-s

TIC-3R-s

Options Mass Summary--Case Study 2

....... IMLEO ............. File .....

Hum Car To_a] Miss Re(
Ir ] I

1124.5 503.3 1627;,8t c-HG c-HG
m

6,41.1 552.6 1193.7 m-GJ c-FIG

1747.1 708.1 24_5512=m-GK ! c-HG
!

1139.5 509.0 16_8.5 m-GL Ic'HG

1168.7 519.3 1688.0 m-GM c-HG
1226.3 568.6 1794.9 m-GN c-HG
1516.7 665.7 _82.4 m-GO ' c-HG
1682.6 768.3 2450.9 m-GP c-HG
916.0 417:1 1333.1 m-GR c-HG
889.3 402.3 1291.6 m-G5 c-HG

1132.9 525.1 1658.0 m-GT , c-IlG

1242.7 503.2 1745.9 m-GU c-fiG

1034.3 445.0 1479.3 m-GW c-HG

1769.7 74i.8 2511.5 c-HQ c-tiQ
1511.8 1113.3 2625.1 m-ttt{ m.HH

1748.2 707.5 2455.7 m-liE c.HQ
__1482.4 1048.7 2531.1 m-ttF c.HP

m_.Cpo.

low he'loft r PhTele TECL_

Nextemieropixx_ni_(2oo2)
Nell ltmr _ni_ (2006) Crtllback")

ver_ ¢onservmdve l_fOrn'mze (4SO/46{V..s_u)

v. conserv.,iive umkale _.236_, low boilofY , ,
v. conServtUve =aka[e_ hi_ boiioff
Advan¢:ed umkaJieIO._
Advt.'ged umkale, no boilaff

Hydroc_ocxVLOX for TEl

Reference fe¢2ridmission _L_mch 20_')"

Reference for 3rd mission (1.,tuach _uJg)

no PhEV on mission 2 Tbut Pho4x_ teleopentm,
no I_EV or DeEV on mimoa 3_ but teteqxmtors

MARTIN MARILrI"TA (_1-_11_ I $ |-5_ TII 41li

Artificial Gravity Scaling ..,,_,.0o.._._

ARTIFICfAL GRA VITY SCALING ]

Spin

1 rpm

2 rpm

4 rpm

6 rpm

4.5

rate Acceleration Radius

1.0 gee 900 m [2950']
0.38 340 [1115']

1.0 225,6 [740']
0.38 83.8 [275']

1,0 56.4 [185']
0.38 21.3 [70']

0.075 _8.8 [55']
0.38 _6.8 [55']

MARTIN MARILr'FrA V-G9.MMSS-2| 9126/l|
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Figure 2.2.3-3f Artificial Gravity Concept, with 1 MDV

figure 2.2.3-3c Artificial Gravity Concept
• r ii J

tab
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IBI

MOV

Stadway

/

Aerobrake ECCV J OIsk TEIS CryopropefIan(
Module

m

w

2-65 M
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Figure 1.1.'t-1
Post Aetob'rake Orbit and Orbits of Phobos and Deimos

AltltudQ • 33,840 km

PaWS Oil/f0eter • b.794 km

Pfto00$ Altitude • 5,g81 km

Oelmos Altitude • 20062 k!n

r'rluuu= ,-x_;uf_lof=ivJaneuversand Mars Escape

/
/
{

\
\
\
\

\
\.
\.

_Phobos Oetmos

/

TEl
Mars Diameter - 6,794 km

Phobos Altitude = 5,98t km

Delmos Altttude • 20,062 km
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Trade Study for Phobos Excursion Vehicle _,_v

Trade: Should the Mars Orbiting Vehicle (MOV) be sent directly to Phobos, or should the
astronauts utilize a small, dedicated Phobos Excursion Vehicle (PhEV) to depart from and then
return to the MOV mother ship which remains in a fixed orbit.

Issues:
- Optimum orbit for MOV is not the Phobos orbit

Operations at Phobos
Mission risk and astronaut safety

Analysis:
- Large propulsion systems are required to send the entire mother ship (MOV) into

Phobos rendezvous orbit, resulting in significant IMLEOpenalties:
IMLEO summary: E-P6 increases from 337.8 to 573.1 t (70 %) lc-KO,c-_<Sl
- Operations at Phobos require added propulsion mass to prevent a landing of the MOV

(or PhEV). (Design and qua|i_atlon teeing of the MOV as • Phobol Lander is mtjor (levelopment pena_ and negates conce_

o! Phobo$ mission as quick, eady. and mil_mum lechnolo_y)

- Because of tow surface gravit_ (roughly 0.001 g), loose dust and rubble may abound. A
co-orbiting debris cloud associated wIth Phobos has not been detected, but some material may
be present. Any craft in the near-vicinity or on the surface of Phobos may need capability to
survive particle and boulder impact, solar occultations up to 2 hours, anddust contamination.

- From a mission safety viewpoint, it is better to risk only a portion of crew to the
challenges of Phobos visit, surface exploration, and major Mars orbital maneuvers and
rendezvous operations. Yet safer would be to conduct Phobos exploration with robotic vehicles
teleoperated by the astronauts remaining on the mother ship (MOV).

Conclusion: Use of PhEV allows division and isolation of mission risk, as well as major
reductions in IMLEO. To minimize design complexity and reduce cost, EVA to the Phobos
surface is recommended over landing the PhEV.

MARTIN ._tARI_I-rA V-G9.MMSS-]2 9/2S/|S

Phobos LOX Utilization PhobosLOX. ISRP

Question: Does utilization of Phobos LOX provide a net savings (reduction of IMLEO)

Issues: a) Replacement of TEIS LOX
b) Replacement of MDV+MAV LQX
c) Transport of materials from Mars surface to Earth (gold shipments??)

AV penalties for plane change and circularizing to Phobos orbit and for escaping Mars'
gravitalional well from Phobos orbit must be considered along with realistic mission profiles.

Analysis:
For mission #2; (Conjuncti0n classy,,,,2007 launch from Ea/'th)

IMLEO (t}
LOX from Eanh PHLOX

'a) TEIS Lox" ' 702.7 .... 624.0
bi MDV+MAV LOX 660.4 621.4
c) MAV+TEIS LOX 66f .8 555.9

Savings
11.2%

5.9 %
16.0%

No(e: Derived by scaling, u_dnQ rrvco. MOV tl In _0 km x I sol od_,

Conclusion: Phobos resource utilization is not cost-effective, except for export of high-value
commodities from Mars. Private sector resources would presumably develop PhLOXproduction
plants and Mars prospecting and mining, should water be shown to exist on Phobos and valuable
resources be shown to exist on Mars.

IBW

i

,tf',lt'l tN tl,_ltlElt,,_ V.GI I MM_S.ZI (;lu_ay Oulck Trim, 12/I 21XX
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Phobos Excursion Astrodynemlcs

Mission Profil9 for 2004 OppositionClass mission (MO-4)
MOV od_itat'Mars: 300 x 58,014 kilt, i - 37+

Phobol GaleWmt

.+

Plane chad_ to equlltodal or'oil.
Raise pedapsls to Phobos altitude

Lower apoapsls to Phobos elfllixle (ctculllrlze)
Rendezvous with Phoboll

Subtotal. MOV orbit to Pholbos

Phobos sorties

(four 6-hr hover pedods)

(20 days al 100 km distance)
Subtotal, Phobos sorties

Raise apoapsts to 58,014 km
Lower pedapsls to 300 km
Plane change to 37 ° orbit
Rendezvous and dock with MOV

Sublolal Phobos to MOV orbil

Round Trip Total

&v (m/s)

178
149
678
100

110B

825
134

9S9

678
149
t78
100

1106 i

3169

ir.i/,'l IN 41,1/tl_:l I+A V-(|l I MM,_IS.Z't (;.is-wily Oit_k l..I. I I/I I/NI4

Mission Sequence, Phobos Gateway A sir t_qVn.-lmbc s.

.........................

Title: Phobos Gatew.lly uence

n._s+o,,_New oal.:lo+27ee 2003 20041200E 2006 2007 200_ .>009 2010 201112012 2013 20141201512016 201712011+

MISSION #3 (Cont.MO-151, ........ ; ; : . ; ; : +T ..................... : ,+ I I +II. _ I_I I_ i::+J::+i-'_'+_,_l+++l+++l+++l+++.
,,,,,++,o,,,,,+,<oo+,,.,,,,<>.+,>+++l!itl+++l+++lii+l+++l++I+++I++l++tliil+=l++++_++-l+++_+;,
o,.,s,morr,',,Poss,b_e ;: ++ ."++:++ +++'+ i +'..:+J +_ _::+ + + :+ +++ .... + +.ms+ +'=i'+_+'++i+'=+++++-+_ +'m'+ '_+ 'm

1# II,'IIN it I/_ll'l I'.t .(:_.Vch;t k',i klM_; I 1/I I/RR
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Phobos Gateway, Mars Transfer Vehicle (MTV) V4Ih+clt
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Teih'_t ,_¢l+iltclal Gravity, Phobos Galeway APtMI<:ilII Gr avily

1.0geel2 rpm,optimumcase ]
{mmxlmum'ooUnt_lance mill z hlllOl_ = 222 m)
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Artificial Gravity Configurations:

Tethered Systems

-_ :=
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Counter-weighl
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Symmetdcal

Deployable
I

Folded Configuration

for Launch

Aerobrake

Ridgid
Sections

-] F ]!11r]

Configuration
1..... J El i

Deployed
Configuration Flexible

for Flight Section

MOV

Pressurized
Tunnel

Low Gravi[y

Laboratory
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Phobos Gateway, Mars Transfer Vehicle (MTV) Veh_

U

- MAV

Mi3V

m

alto

MDV Aerobrake

{Folded)

_1 tit I IN i! ittlr. I i ,t v .(; I t klMSS- 311 I;.icw;ty (.)l"Lk Fief. I i/i llX:,l

Mass Summary ,,,,, _,,,,,,,,.,o,.,°

I I MOV/ ECCV TotalMission Tra I Code TMIS TEI5 MOO9 MTV- PhEV {CERV) MLEO MTV--o

Reference missions

#_ref' OpVs r_(:_ 373.5 41.8 5.8 114.7 22.8/10.1 5.6 575.9 87.5 I

#2ref Cn mOO 430.2 37.3 13.0 158.7 54.6/0 7.0 I 702"71 112"61

#3ref Cn mop 387.2 29.3 12.6 158.2 54.6/0 7.0 J 650.8J 111.1 I
#4ref Cn moo 373.6 29.3 12.4 154.1 54.6/0 7.0 ] 632.9J 110,1

1Pations
PhEV m.OU

#1b r_ov. mOV

# 1C MOV to Phobos rn-OW

#2a c_ descenl max
#2b cryoascen! may

#2C crxo descenb'asce_ m-OZ

#2d a, prop m.PB
#4p _20 t P_oboscargo mOS

#4p' _tto, i.45 • _OT

309.8 39.2 4.9 106.2 0/10.1 5.6 477.3 80.g

668.7 58.0 t18.5 157.2 22.8/0 5.6 1033.1 119,3
542.2 52.5 95.2 139.6 0/0 5.6 837.1 105.8

429.2 37.3 12.9 158.4 54.1/0 7.0 700.8 112.4

405.3 36.5 12.2 154.5 44.4/0 7.0 661.8 109.5
404.4 36.5 12.2 154.4 44.1/0 7.0 660.4 109.4
749.2 57.6 201.1"* 142.1 54.6/0 7.0 1211.6 81.0

251.6 22,1 422.6

275.9 36,6 463.6

MTV- is MSS less TMIS. TEIS, MOOS. MOCS. MDV. PhEV, ECCV
MTV-- is MTV- less consumables. MOSE

MrV--a is MTV-- less artificial gravity propellant
MDV- is a MDV without a MAV

• "Forward Deploymenl" option (Mars habilal landed unmanned -- no MAV on MDV), with PhEV
"" MOCS • MOOS ,,-EOCS propulsion systems

W

iie

wl4B

V

IIIA'II,_," |ItHll-llt V (;I I I_IMY.,_ h _;:,,¢,w;=y (}_Kk l'u,.. I I/I I/,_l_
W
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575 t . SuperMa lnum Tanker

Dell'v_r'dd _ 575 t
Pr0i_lt_ht [1267 Klba]

GLOM 10589 t

Height 112.7 m

Orbit 407 x 407 Km '
26.5% ErR

Stage-1 12 ABFIM's

Stage-2 13.7 m dlarneler
10 SgME'a
237B t prop
152 t dry

Stage-3 10 m diameter
4 SSME's

1294 t prop
67 t dry

Stage-2 SSME's Ignited at Iiftoff

gl

Shuttle-CZ HLLV

Definition: A Shuttle-CZ is a launch vehicle which capitalizes on Shuttle-C design by addition of
an upper stage which can be reused as a TMI propulsion system and/or to augment the lift-
capability for launch of preassembled transfer vehicle hardware (dry) and cryopropetlant.

: The Shuttle-CZ is viewed as a means of capturing selected minimum mass missions
s, the martian surface, or the moon without development of an all-new HLLV system.

,

Groundrules:

- The system should be compatible with SSME and ASRM engine technology; and ET
cryotankage technology [caveat: low boiloff tanks for TEl and TMI (possibly) are new designs].

- Payload shrouds up to 40-ft diameter should be the design objective
- Minimum modification to VAB, Pad 39B, and Michoud mfg. facilities is a design objective

ate: The following preliminary vehicle designs (based upon use of the Fly-It software too
to examine point design concepts -- full optimizat=ons not complete) demonstrate payload-to-
orbit capacity for various engine configurations:

- -. ........ Mass (t)
ASRM's SSME's GLOM Payload Stg-3 d_" "Total'to;orbit"

2 3@ 100% 2208 108.2 11.7 119.9
2 3@ 103% 2213 112.7 11.7 124.4
2 3@ 109% 2220 120.7 11,7 132.4
2 4@ 100% 2243 139.7 11.7 151.4
2 8@ 100% 2970 175.0 45.0 220,0
2 8 @ 109% 2834 i75.0 45.0 220.0

These designs result in vehicle stack heights compatible with VAB vertical clearances.
Engine numbers may/should be compatible with flame trench capacity.

• Note: For a dual-use TMIS, the stage 3 mass should be added to "payload" mass to obtain the total useful
mass delivered to orbit. For concerns with respect to the TMIS dual-use approach, see separate view-graph.

M,_RT/NMARIETTA V-G9.MM$$-13 I/2&llll
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Manifest Sequence, Phobos Gateway

/

i /
i I

(1) Shullle-Z (2) Shutlle-Z Shullle-Z

(MTV) (MDV. TEIS] (TMIS Modules)

MIinli¢lsl

i \ \
I, \ \

\ \

I I
I

I

15) Shullle-Z

(TMIS Module)

Af,,llt l /N #IIAIH,E'.ITA V-(_l I.lilM,_S-21i (;iicii I (_luillI-Tliin, t I/I WIIII

'llllll

'!111

lilill

w

I

,i

I

W

"ill

TMIS P'fol_tsion Module and Shutlle-Z Stage 3 P_llion: Rocklll

ii

Dry Mass. 13,000 kg
Payload Mass variable

Propulsion System
Propell_iht type LOX/LH2
Engihbs

Number 1 •

l_lyape SSME/HE
ss 3,630 kg

Size
Length, extended [4o-itl 12.2 m
Length, nested [14-ft] 4.3 m
Exit diameter [24.5-ft] 7.5 Ill

Thrust @ loo./. [498 klbi] 2,206 kN

Isp (478 s) 4.68 kN-s/kg
Propellant Capacity 127,000 kg
Tank M;_ss 8,920 kg

Tankage factor 7.0 %

Total Mass (Wet) 140,000 kg

;ŗ
i

If,I/f/IN ,tfvlgll'l f ,t V-(; I I MM_S-4_f (+;;,i+*l, (_lK'k Tiilrl, I I#11DII
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Mission #1 as Trailblazer PhoboI Galeway

• First Flag and Footprinls, on Phobos

• Use of Phobos Excursion Vehicle (PhEV)

Dramatic savings in LEO mass (IMLEO) and launch vehicle requirements
PhEV is a derivative of the Mars Ascent Vehicle (MAV)

Demonslration of MAV-lype operations in Mars orbit -- rendezvous and docking

• Landing of "Forward Deployment" Mars Descent Vehicle (MDV), unmanned
Demonstration of safe landing of man-rated vehicle onto Martian surface

Robotic exploration of su/faco

Serves as surface-planted beacon for navigation and radio-guided pinpoint landings
First foothold on Mars. Coukl serve as a nucleus of future Mars Base

• Reduced Risk Exposure o! First Mission

Opposition Class mission is shorter duration than Conjunction
- 3 crew vs 5 crew members at risk

No manned landings or ascents, but
• Oemonslralion o_ MAV odoilal operallons remote from Earl_

• OemonstrMion of MOV m.r_omaled landing

• Option: t,l13.rlanmld MAV could acconlplsh • _ relucfl hem the MI)V. |udhe/(hlmon_raling ascenl capa_ily

• Science Bonus -- Venus

Drop probes off at Venus during gravity-assisted turn (minor IMLEO penalty)

Note 1 : milm.gee ol Phobos makes walking Imoossib_, Footl:xlnl by MMU.as_ed feet-first flk_t inlo Phobos?

Nolo 2: Oppostlion das$ mission requires special Ihe.lnW conslder_ because od I_flal sunWard Ilighl and Venus flyby

Nolo 3:2004 Opposilion,'VeT_JS swtn(jby Is an unusually favorJbio Oppos/_ton class opc_dunlty

MAitlTN MARIEIt'A V.GI i MM_S-22

Commonality Candidates ' Commonalily

,r i, 'i.
;hultle-Z TMIS Proputs_n

Slage 3 Modules

MDV Entry Aerobrake LTV EanhOrbttal Capture
Aerobrake

TEIS for

Mars Missions

_ JLTVJiropulston

Modules

CERV ECCV

M,|III'IN MAItlE7"rA V-(;I I.MMgg-26 I;_le_. r (_6¢'k T.r.. ttll I/I(N
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Applications -- MAV

I Appllcatlo n Propulsion ISystem
Mass (t)

Mars Ascent {MAV)

Lunar Ascent (LAV)

Phobos Excursion (PhEV)

Round trip. SSF to GEO

Roundtrip, $SF to Mir

Roundtrip, SSF to polar orbiting platform

21.8

7.0"

8 to 25""

428""

124

not possible

Basis: Conslan! crew cab volume and mass {excel_ tot radlalton $hleldlf_), Storable blprop (Isp=320)

; Includes allowance for I t radiation sldeldng added to LAV

" Depends upon ofbll of mother ship

'" Includes allowance for 0S I racial!on shielding added tot GEO e_cu_ston

FYe9 C.N Sl_

i

W

N I'_tfM'_FC V-GI 2 MM,_-t FY_ CUL'.C 5tudi,c_, 12JlZ_K

i
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(._ 30

•_ 2o

t-

in 10
UJ

0
0

T T -'-T l
I I I I I

I I I I t

=----- 1" .... + .... + + o
I I I l i

l i I I

;
I I I I Sprint
I I I o I I!
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Encounter Energetics A,,,o_,...,_.,

............................. "__ .........................................................

Opp. Trajectory Mars Earth
No. Class Arrival C3 (km21s2) Arrival C3 (km2js2)

1 Sprint

3 OppositionConjunction

4 Opposition
5 Sprint

6 Conjunction

7 Sprint

OppositionConlunction

1 0 Sprinl
1 1 Opposition

1 2 Conjunction

il 3 Opposition
!1 4 Sprinl

I 5 Conjunction
1 6 Sprint
1 7 Opposition

3 t -May-03 49.22
21 -Jun-03 42.63

29-Dec-03 7.28

14-May-05 37.98
0t-Jul-05 50.00

12-Jun-06 7.10

06-Aug-07 50.00

01 -Mar-08 38.51
10-Aug- 08 6.03

01-Oct-09 50,00
07-Dec-09 23.62

19-Aug-t0 6.07

27-Sep- 11 33.48
14-Nov-I 50.00

11 -Sip-t2 7.31
23-Dec- 13 50.00
18-Aug-14 13.40

It.tNIIN _f,tRIl'.'l I'A

12-Nov-03 12.36
20-Apr-04 38.03
13-Jan-06 12.07

28-Mar-06 13.94
23-Dec-05 25.00

27-Apr-08 8.56

24-Feb-08 25.00

17-Mar-09 20.47
23-May-10 8.02

13-Apr-10 25.00
21 -Jan- 11 21.06

25-Jun-12 10.25

29-Au9-12 47.71
25-May-12 24.97

28-Ju1-14 14.21
03-Jul- 14 24.96

15-Aug-15 19.86

V I;Ill_,IIH_;_,-Ill

Entry Vefoeitlee, Mars Arrival

PI,,lh,_',l"rl;wk, _;IlNI;_-% I 2/I ,_/',<i(

Mars At'thO_sphQd¢ Entry Velocities (kmli)

Oplboe;t_t_ity Trilectory
NumS'_Y G|III Mira Arrival

1 Sprint 31 -May-03

2 =Opposition 21 -Jun-03
3 Conjunction 29-Dec-03

, 4 Opposition 14-May-05

5 Sprint 0t-Jui-05
6 conjunction 12-Jun-06

7 Sprint 06-Aug-07
8 Opposition 01 -Mar-08
9 Conjunction 10-Aug-08

1 0 Sprint 01-Oct-09
1 1 Opposition 07-Dec-09
12 Conjunction 19-Aug- 10
1 3 Opposition 27-Sip- 11

1 4 Sprint 14-Nov- 11
1 5 Conjunction 11-Sep-12

1 6 Sprint 23-0ec-13
1 7 Opposition 18-Aug- 14

Aeltodynem*cs

Mars Entry Velocities

8.626 km/s [28300 fPs]

8.235 knVs [27017 fps]
5.699 km/s [18697 Ips I
7.948 km/s |26076 fpsJ

8.671 krrVs [28448 fps]
5.682 km/s [18642 fpsJ

8.671 knVs [28448 fps]
7.981 km/s [26184 fps]
5.588 krrVs [18333 Ips]

8,671 km/s [28448 fps]
6.986 km/s [22920 fps]
5.591 km/s [18343 (psi
7,659 km/s [25128 fPSI

8.671 km,/s [28446 fps]
5.701 km/s [18704 fpsJ

8.671 km/s [28448 fps]
6.212 kn'Vs [20380 fpsJ

l_t,tlt/IN AtAHII_I7,_ V.(3111 MM,_-I I
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Mars Almoapher_ Entry Voloeflkps

4 S 4 ? | t to 11 t2 _$

Oppe_mSy lieumlJe_

14 t5 II 17

Entry Velt_clties, Earth Arrival Aslrodynamms

Earth Athtospheric Entry Velocities (km/ll)

Oppqrt'unlty Trajectory
NU mb'or' Clns Earth ArrlvM

1 Sprint 12-Nov-03
2 Opposition 20-Apr-04
3 Conjunction 13-Jan-06
4 Opposition 28-Mar-06

5 Sprint 23-0ec-05
6 Conjunction 27-Apr-08

7 Sprint 24-Feb-08
8 Opposition 17-Mar-09
9 Conjunction 23-May- 10

1 0 Sprint 13-Apr- 10
1 1 Opposition 21 -Jan- 11
1 2 Conjunction 25-Jun-12
1 3 Opposition 29-Aug- 12

1 4 Sprint 25-May- 12
1 5 Conjunction 28-Ju1-14

1 6 Sprint 03-Ju1-14
1 7 Opposition 15-Aug- 15

Earth Entry Velocities

11.713 km/s [38428 fps]
12.762 km/s [41870 Ips]
11.700 km/s [38385 fps]
11.780 knVs [38648 fps]

12.241 km/s [40160 fps]
11.549 krn/s [37890 fps]

12.241 km/s [40160 fps]
12.054 km/s [39547 fpsj
t 1,526 km/s [37815 fps]

12.241 km/s [40160 fps]
12.079 km/s [39629 fps]
11.622 km/s [38130 fps[
t3.135 km/s [43093 fpsJ

12.239 km/s [40154 fps]
11.791 km/s [38684 fps]

12.239 km/s [40154 lps]
12.029 knVs (39465 fpsl

,_I,_RIIN MARIEI7A V.(_ I() MI_SS.I 2
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AEROASSIST OVERVIEW
III I

TERMINAL NAVIGATION
&GUIDANCE UPDATES

FINAL CORRECTION _ _

ENTRY

INTERFACE

AERO EXIT

CURRENT AEROASSIST APPLICATIONS
II

• AERODYNAMIC FLIGHT EXPERIMENT (AFE) - 1992

• STS PAYLOAD OF OPPORTUNITY

• VERIFY AEROASSIST TECHNIQUE & THERMAL MODELS

• ORBITAL TRANSFER VEHICLE (OTV) - 1996(?)

• RE-USABLE CRYOGENIC UPPER STAGE

• AEROASSIST MAXIMIZES VEHICLE EFFICIENCY

• MARS ROVER / SAMPLE RETURN MISSION ( MRSR ) - 1998 (?)

• AEROCAPTURE AT MARS AND EARTH RETURN

• PINPOINT LANDING ON SURFACE OF MARS

• CIVIL SPACE LEADERSHIP INITIATIVES ( CSLI )

• 3 OF 4 INITIATIVES DEPEND ON AEROASSIST:
LUNAR BASE
UNMANNED PLANETARY
MANNED PLANETARY
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MANNED VS UNMNANNED MARS AEROCAPTURE
IIIIII IIIIII I I I III III I II

DIFFERENT REQUIREMENTS DRIVE DIFFERENT ANSWERS FOR AEROCAPTURE AT MARS

SUMMARIZED BELOW ARE MARS SAMPLE RETURN (MRSR) AND
PATHFINDER MANNED MARS REQUIREMENTS THAT DRIVE I_/D

MRSR MANNED MARS

LAUNCH DATE

ON-ORBIT ASSEMBLY

ENCOUNTER NAVIGATION

1996-1998 2004+

NO PROBABLY

EARTH BASED VEHICLE-BASED
(MAN-RATING)

MRSR CONSTRAINED BY NAV ACCURACY AND LAUNCH PACKAGING --,,> MID L/D SOLUTION

MANNED MARS FREE TO UTILIZE WIDE RANGE OF L/D'S

l llll /

,F_. r.",k,f/.'W,: r= r:l.(=r,,,-, mm

CONFIGURATION
i i

¢

_) &IROIHIELL

(_) LAND|R

_) ROVER

(_ _ VIIIICLI (IdA_

(_ ROVER IWJT RAMP

(_ uu_ln slrnuC,'Irun=

(_) LANB¢NG gig AlllY (3)

D1 - CRUISE PHASE
= i

"'- A,

'Q4LJIP'NT COhuPTMAV FiOTAI'_i_RPJ- lVl.

PARACI*IUlrIE,/RiL. |YL

0 A=nOH=_PROP.T_ C2) 0
(_ AJEROHLL PRIIIL TANK I_l)

_) R_cIrlON WHEELS (4) @

4

i|

LAHOER pfl_l,. TANK (4)

LAI_)|II FIIEIIL TANK (|)

L/U_IIN RTO

LANO4_ IRPARATION MIECJ4 (4|

GUilD| RARJROLLIUlUl (|)

TLq u Oilk_._NT LAIliOM40 RAOAR

HAZARO AVOID. OPTIC|
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80

_. 70'

80 "_

_ 50-

W

_ 30-

8
> 20"

10

0
0.0

__A C3.38 KM2/SEC2

O C3- 8 KM2JSEC2

100 M/S EXIT ERROR (3 SIGMA)

•;.o -Lo -3:o -Lo -51o -e:o

TIME FROM ENTRY (HOURS)

1) MARS CAPTURE, SPACE SEXTANT TYPE MEASUREMENTS (1 ARC SEC)

TARGETING ERRORS

FINAL MIDCOURSE (E-5 HR)
EXECUTION ERRORS
NAV ERRORS

FINAL NAV ERRORS (E-1 HR)

AERODYNAMIC VARIATION

ATMOSPHERIC VARIATION

L/D UNCERTAINTY

RSSOF VARIA'rlGNS

RSS + 30%

MANNED MARS ERROR ANAL

EQUIVALENT PERIAPSIS
VARIATION

(KI LOMETERS) ' (FLT PATH ANG

.t:1.09 KM
±2.36 KM

:l:1.22 KM

-+4.72 KM

±3.78 KM

:1:6.70 KM

• *-8.70 KM

AT125 KM)

¢0.08 °
±0,16*

¢0.08 °

t0.33 °

_0.26 °

¢0,46 °

±0.61 a

i.

[FOR C3=38 KM21SEC21 0.2 L/D IS REQUIRED

COUMBcrs

MIDCOURSE EXECUTED AT ENTRY. 5HRS

"NAV SIGHTINC-ISTERMINATE AT ENTRY - 1 HOUR

:1:50%DENSITY VARIATION

:f.2.0" AT 12' ANGLE OF ATTACK (_:17% IJD)
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Z
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z
LU

100-

80-

4O

2O

MARS AEROCAPTURE

ENCOUNTER C3 = 38 KM2/SEC2
EXIT APOAPSIS = 33851 KM
W/CdA = 250 KG/M2

00

-40

ERROR
ANALYSIS
REQUIREMENT

( :t:8.7KM )

z
LLI

LIFT UP
LIMIT

! I I I

0.0 0.2 0.4 0.6 0.8 1.0

LID

DERIVATION OF MINIMUM L/D FROM ERROR ANALYSIS REQMTS

ENlCW CTRL P/U:IAMS C3,..38,
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rr"
LU
(3..

>.-
rr
I--
Z
LU

8O

6O

4O

2O

-2O

-4O

MARS CAPTURE

C3 = 20 KM2/SEC2
1 SOL EXIT ORBIT
W/CdA = 100 KG/M2

3 g LIMIT

5 g LIMIT

8 g LIMIT

0.0

I 1 I I I •

0.2 0.4 0.6 0.8 1.0 1.2

r,9
C:l

ILl

0..

10-

8

e

4'

2-

L/D

EARTH CAPTURE I
ENTRY C3.14.2 I(M2_EC2
I.I1D. 0.2

100
I I I

1.000 10.000 100,000

EXIT APOAPSIS (_3A)

EARTH CAPTURE g LOADS VS EXIT APOAPSIS
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AERO-ENTRY OVERVIEW
LH I

%
", _ ENTRY

"-.% ,_" ATTITUOE /_

_,to. I-i"."..... =.TROL SK,Pour1
"( )"-."_O" ,,?P"_-= _ CORRIDOR REGION I

-_. /_. x=*_ '_ )r _d_. II A TUNNEL I II ,_#4_f=:_

....._.... O,iN

ENTRY " J,_r.. &qrltqruOP-. ..... ; "_'_"_ ,.-

AT.= _. _--_-'"t.................,,.................._-i_,__._"
ROLL ATTITUDE ",- --........._ ......"I"_'R Deer _3._t_ ..--_,,t_'I Ov J

o T o ........ ,,.'_

EXIT TRAJECTORY

E|TAB LlliH / _. TARGET INCLINATION

/

J

CORRECTOR

GUIDANCE INITIATE t.li Re. • _U,OANCE I REENTRY
CONTINUOUE ROLL RE-iNITiATES

ROLL HOLD REGION JTo TRIM TRA_E'zroRY

OPE RA T|ONA L
BOUNDARY

LIMITli GROWTN IN

CIRCULARIZATION
VELDCITI Ell

FOR POliT-AERO
BOOST

LIFT VECTOR TARGETING

VERTICAL
DIRECT[0N

(_)

VERTICAL VELOCITY
(_) TARGET(_)FROM APOGEE

LIFT GUIDANCE LOGIC

VECTOR
TARGET

i HORIZONTAL VELOCITY

(_) I TARGET(.2)FROM
VERTICAL INCLINATION GUIDANCE
VELOCITY LOGIC
TARGET

(_) HORIZONTAL
VELOCITY
TARGET

VIEW LOOKING FORWARD INTO DIRECTION OF TRAVEL

HORIZONTAL
DIRECTION

(_xF)

VECTOR ADDITION OF(_)
AND ('2)YIELDSLIFT VECTOR

TARGE_(_)

LIFT TARGET DIRECTION

OETER,J4INES ROLL ATTITUDE

LIFT TARGET MAGNITUDE
DETERMINES HOLD DURATION
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1/29/89 MMM CAPT ERR, I.JO:.2, NO NAV

MARS CAPTURE, L/D.0.20, W/CdA:2$O KG/M2, C3a38 KM2/SEC2
PERFECT NAWGATION

EXIT ( )RBiT _V TO REACH PEN<

IDISPE_ PERIAPSIS APOAPS_ PARKORBB"

IKM] (KM) (UPS)'* (a's)

34.,_, 33849.2 12.4 1 4.22
u:>wPRESAgeS 35.3 36581., 25.1 4.2e
HIC4_ PRES ATMC6 34.4 32018,9 24.3 3.99

1 A_ 36.5 36640.5 26,0 4.24

VIKING _ ATMO _ 38.7 35339.3 19.7 4.39
z_PER - +2.59 knt* 34.8 33849,7 12.4 4,23

/,PER - -2.59 lun" 34,8 33853.1 12,4 4.22

ALPHA. +2.0" 35.0 33839.2 12.5 4.31

A ALPHA - "_.0" 34.4 33844,4 ! 2 5 4.12

RMS OF DELTAS 1,8 1609.3 8.4 0,11

.FROMNCM_U¢

• DELTA FLIGHT PATH ANGLE - t'0,17" (AT t25 KM)
" FINAL PARK ORBIT OF 250 X 33851 KM IS REACHED VIA

aVt AT APOAPSIS FOLLOWED BY aV2 AT PER1APSlS (AV.TV1 +6V2)

r

1/29/89 MMM CAPT ERR, IJDmJ, NAY

MARS CAPTURE, UD=O.20, W/CdA:250 KG/M2, C3=30 KM2/SEC2

NAWGATION FOR ENTRY MINUS I HOUR TERMINATION

EXIT ORBIT .,,VTO

OISPE_ P ERIAPSLS

(KM)

NOMINA_ 34.8
LOW PRES ATklC_ 30.9

I-IGH PRES ATMOS 28.3

VIKING 1 ATMOS 32,4

VIKING 2 ATI_ 28.9

APER - +2.59 kin" 29.1

_PER - -2.59 kin" 28.2

ALPHA - +2.0" 21 .g

& ALPHA - -2.9" 2_5.1

RMS CF O_.TAS 7.2

FROM N<_MINAL

APOAPS_ PARKORBT

(KM) (UPS)"
33849.2 12.4
25828,9 71,1

22808.3 101,7

28159.9 68.0
24085.4 88.1

24894,4 80,0

23390,0 95.4

24816,2 81.3

20508,9 12_. 7

9936.4 79.2

PEAK
U3q)S
_o's)
4.2;_
4.07

4,18

4.20

4._8
4.40

4.38

4.50

4,27

0.19

" DELTA FLIGHT PATH ANGLE. #:0.17" (AT 125 KM)
•" F1NAL PARK ORBIT OF 250 x 33851 KM IS REACHED VIA

_V1 AT APOAPSIS FOLLOWED 8Y 6V2 AT PERIAPSIS (AV-aVI+_V2)

L._
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110.

400.

350,

300.

250.

200_

150.

100.

50.

MARS CAPTURE

C3 ,, 39 KM2/SEC2
1 SOL EXIT ORBIT
W/CdA - 250 KG/M2
COSPAR HiGH ATMOS

............... }

MARS CAPTURE

C3 - 38 KMPJSEC2
1 SOL EXIT ORBIT
W/CdA - 250 KG/M2
COSPAR HIGH ATMOS

PROf I LT/1JN-ONll
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E: ::_

F_

130,

120.

110,

100.

90.

80.

70.

60.

5O.

40.

30.

20.

10.

O.

MARS CAPTURE

C3.38 KM2/SEC2
1 SOL EXIT ORBIT
W/CdA - 250 KG/M2
COS,°AR HIGH ATMOS

P_WOFI LT/IJ_
:,,.,.,,.,v,,i,i,,,,i, ,o,,,,, , , • , v g ,IT!TT_, , , , o* . , , * g I i t ii_Vw,,.o ..,,,,IT! laBJJW,,,

i.....:i.............i.........i.........i.......................................
......... _........... _......... : ......... , ......... i ......... i ......... _.........

......... i ...... _......... _.......... _......... _......... _......... ".........

i ......... ":".... _"......... _"......... _"......... i. ......... :- ......... _ .........

......... i .......... _......... _......... _.......... :-......... ;.........

......... :,........ ;,......... _......... _......... _......... ...........

i ........ ........ , ......... - ......... _ ......... ; .................... i.........i.........!........
o. so. IO_ _5o. 200 zeo. 300. 35o. 400, 4.50,

(see)

MARS CAPTURE

C-3 - 38 KM2/SEC2
1 SOL EXIT ORBIT
W/CdA - 250 KG/M2
COSPAR HiGH ATMOS

2.1 .......... . ..................... r, _'_', ......... ....... "v,,,, R_rlL'''.,,.,W.,IV.T_ .... o,,.,..,,,o.

2.0 ......... :.......... :.......... _ ......... , ......... _ ........

1.9

1.8

iiiiiiiiiiiiiiiiiii iiii!iiiiiiiI1.6

1.5

-°)- ......... F, ......... i ....................................

i
E

- -i .......... _.......... :.......... i.......... :.......... :.......... :.......... _- ........

1.4

13

1.2

1,1

1.0

O.

... ......... • ......... _ ......... ,_ ......... ; ......... .; ......... .j .......... : .........

_ I 4 I I

60. 100. 150. 200. 25_ 300. 360. 400. 450.

TI_ (SL=C)
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26000,

25000.

24000.

23000.

_ 22000.

_ 21000-

_ 20000.

18OO0.

17O0O.

16OOO.

15000.

2.0

1.8

1.6

1.4

1.2

1.0

.6

0.0

-.2

-.4

-.6

--8

-1.0

MARS CAPTURE

I c3.38 KM2/_C2
I1 SOL EXIT ORBIT
I W/Cdk- 250KG/M2
I COSPAR HIGH ATMOS

lulqOF I LT. L

,,, ,,,,,
.t inn_nll ! I I III I I I1_ II III It I I u III o I I t u I I I I III I lit It u I III III I I 111 IIt II III I I1 Im III II 11 I I I

ililiiiiiiiiillIIII
O. 50. 100. 150. 200. 250. 300. 350. 400. 450.

TIME (SEC)

_ILT/L_-¢WJ
_"T'l-c-r'l-r-l'r"

MARS CAPTURE

C3 - 38 KM2/SEC2
1 SOL EXIT ORBIT
W/CdA - 25O KG/M2
COSPAR HIGH ATMOS

........ _-............................. _ ......... _ ......................................

..................iiiiiiiilI..... 111F.......
......... 4 ......

°_ ......... . ......... _ ........

........ _ ......... _ ......... _ ......... -i.......... :.......... _.......... :........ i......

:................... _ ......... _ ......... _......... :................... _ ......... : ......... !

O. 50. 1(30, 150. 200. 250. 300. 350. 400. 450.

TIME (SEC.J

qUm

F,all_

w

W

W

==1

J

lUdr

J

ru=_
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F_
=i

FREE MOLECULAR FLOW IMPACT. ON LID
i i-

% zoo,

7s.

_g so-
l-
:_ zs-

o
N .is

°12

.09

..a .OB

.03-

.0

ANGLE OF ATTACK ,, 7.23 °

_GN

F

I

• I
DECEL. REGION q

TRANSITION CONTINUUM TRANSITION

lOB 200 300 400 "SOD 600

SIMULATION TIRE (SEC)

• FREE HOLECULAR FLOg (FMF)
REGIME DEGRADES LIFT
CAPABILITY

• LIFT DEGRADATION IS ONLY
SIGNIFICANT IN TIlE LOg
DECELERATION PORTIONS
(PROFILES LEFT)

• ACS I_S NO PRODLEN
MAINTAINING DESIGN
ATTITUDE 1N FREE
MOLECULARAND
TRANSITION FLOg
REGIMES

• IMPLEMENT FMF PREDICTOR
IN GUIDANCE TO IMPROVE
AERO DENSITY FEEDBACK

e CONCLUSION: FNF LIFT ]

DEGRADATION HAS NO
SIONIFICANT TRAJECTORY
IMPACT FOR 0TV

OTV RIGID/FLEX TPS AEROBRAKE.

GRAPII[TE POL
SUPPORT RIBS (12)

NOSE REGION
FRC[-20-[2
CERAMIC TILES AND
IIONEYCOHB SUB-
STRUCTURE

IIEXAGONAL
TILES-

i

LORED CERAMIC MATERIALS

TO.REFLECT INCIDENT RADIATION

CONVECTIVE FLUX

PIVOTED
ENGINE 0OORS
FRCI-20-I2 TILES

GRAPHITE POLYIMTDE
SUPPORT TRUSSES AND
AEROBRAKE/CORE
INTERFACE RING

PAYLOAD

-- CORE FILLED WITH
FLEXIBLE CERAMIC
INSULATION

SURFACE
NICACON
MULTILEVEL

INFLATABLE TOROID
TO MAINTAIN FABRIC
TAUT

3D INTEGRALLY

UOVENC08[
STRUCTURE
OF ADVANCED
CERAMIC YARNS
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AEROBRAKE DESIGN DETAIL

g/C o A • 6,0

0B • 44 FT

RN = || FT

LID " O.]Z

. 7.5 0

AEROBRAKE
/ INTERFACE

_RING _ SUPPORT STRUTS

,_LI'Jik , FLEXIBLE gOVEN

.... I ' dml=======_'_ TpS INTERFACE RING CERAN[C BLANKET (TAeI)

RIGID CERAHIC TILES (FRCI)
AND HONEYCOH6 SUBSTRUCTURE

AEROBRAKE TPS AND ENGINE COVER MECHANISM
i i i IN I

COATED NOHEI

JLIFTING AND

i v,egs_l_ ] mTAt,NGOOORS
t IX)OR SEAL

-I _-,_
,, \:- GRAPHITE POLYINIOE

_' \ HONEYCOH8. CERAHIC

I3' DIA ) FOAM TILES

I i'_/ r NExTE'"°

_L___.¢; 1/1-"'<"°" ."_-_,_l_

=ssuu.E,_ _E_,C
[RTV) _ EL

I_ tiJ #'-"l,i, yig i," E _i_ Z ,_I L-i ll_ m
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r .

[i ;

,..-,

.., ,,

_.===

GROUND BASED AEROBRAKE DEPLOYMENT
!1 IIII ioi

/_ RSI/FSI INTERFACE BETWEEN RIBS

PAD _-- FOR_ARODOME

,_, _' .,,_ _-.( {--.

W.,l_,r:f;,k dl,'HA; f..: F; / /-i a f_, •

TAILORABLE ADVANCED BLANKET INSULATION (TABI)
i li iii -- _

..J
HW_; f..: _ ._ Je d l,'.lF , , F: F : i I -_ _ _..: •

................ =.
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TAILORABLE ADVANCED CERAMIC MATERIALS
= lul

I TEMPERATURE CAPABILITY I

SILICA (CURRENT AFRSI)

NEXTEL 312

(ALUMINOBOROSILICATE)

SINGLE

FLIGHT

> 2000

> 2200

MULTIPLE

FLIGHT

1500

> 1800

MANUF

CONT

LIMIT

1800

2200

MAX

ttEAT

FLUX

NEXTEL qhO ? ? 2800 > 9

SILICON CARBIDE (NICALON) > 2600 > 2000 2300 34

I • TEMPERATURES IN OF

• HEAT FLUXES IN BTU/FT2-SEC

(HEATING LIMIT WHEN FABRIC

CONDITION BECOMES BRITTLE)

w

w

U

w

HEAT TRANSFER D_!ST_R_!BUTIONOF, THE VIKING_SHAPED AEROBRAKE

EDGE = O_

•-,:::i_i_'_"

o.s i}_lg_..:;.._!E h= •

_"_i_";'.___;_:

0.6 0.2 EDGE

_EDGE " 0.45
_,._...: ......

-._ "_

__;_

] '_'0o 48
O.Z

TPS DESIGN PARAMETERS

FSI RSI

I
S/R 0.3 0.0

h_r 0.50 0.6.5

hr| b 1.15 l.O0

RN || .0 11.0

k 0.7 0.7

o A 0.3 0.3

REF: MNC TP-3720318 & AEDC-TR-73-]95
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____________________

r

217/89 CYCLE 1 AEROBRAKE$

MARS EXPLORATION

BRAKE 1 BRAKE 2

FLEX FABRIC ALL-RIGID8RAKE TYPE

MISSIONS

PEAK G LOAD

BRAKE DIA

NUMBER OF RADIAL BEAMS

INTERFACE RING DIA
RSI TPS WEIGHT

FSI TPS WEIGHT

TOTAL TPS WEIGHT

TOTAL STRUCTURE WEIGHT

TOTAL BRAKE WEIGHT ÷ 15%

BRAKFJ(BRAKE+VEHICLE)%

MARS CAPT

C3-38

WT. 285.5 MT

EARTH CA_

C3-14.2

WT-36 MT

6.0

31 M

28

11 M

421 KG

1975 KG

2396 KG

8725 KG

12789 KG

4.3%

M/U_ CAPT

C3-38

WT- 285.5 MT

EARTH C.APT

C3-14.2 -

WT-36 MT

6.0

23 M

20

11 M

2121 KG

0 KG

2121 KG

34900 KG

42574 KG

13.0%

PREI.JMINARY DATA I

CONCLUSIONS TO DATE

LOW L/D, FLEX-FABRIC BRAKE SHOWS PROMISE FOR ADVANCED MANNED MISSIONS

LOW WEIGHT

LARGE PACKAGING VOLUME AVAILABLE

SIMPLE ON-ORBIT ASSEMBLY

SIGNIFICANT TECHNICAL ISSUES NEED RESOLUTION

HYPERSONIC FLUTTER & DYNAMIC LOADING

NON-EQUILIBRIUM RADIATION HEATING

RE-USE EMBRI'I'rLEMENT

LONG-TERM SPACE EXPOSURE
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F̧ !

= == =

Review of Boeing Studies
of Pathfinder Missions Involving

High Energy Aerobraking

January 31, 1989

Code R/Z/M/Industry High Energy
Aerobraking Workshop

Lunar Vehicle Design
Approaches (LOR Mode)

Minimum Mass ADoroach

ek=='o "__/=",_.

¢,1_l _--------.-- _o_ala)

[ I N Transit

I I .--.-- I S,=o_ (.)

_4t'411

Maximum Reuse Aooroach

Ll_d_" wlklll in

_ reioi_i ir_nsil vehicle

Tf_f_l_ _ Ex_oeWi¢ r_urns

_4d in to k_ _her t5

Oe_e_ cab (0

Tra_s_ st_ge and
ha_ (0

_Ooster

(r)

No_e: After |i_rsl

mmsion, Iofueling

tank_ goes Io
lunal orbit IO refuel

lander

85 f__HIF.flT|(_f4ALLI BLAH&



Lunar Evolution Set Configuration

Payload Plafforrn _------_'_.

8tmclund Frame---------'--"

Sectioned Plan
Transit Vehicle

LO2 Tamk8 Leeward Elevation

LH2 Tinkl

$_rul Fmrne_

FRCt Tile Lip

b
Rb Swuclure

Elm _ T_ory
An m,M E,x#FPA 4.oo

EnUyAnol -.il.ili Slo_Nd UO o.ise
&o

++! --]

J
,i

Earth Aerocapture from
Lunar Trajectories

!+

___+r_+o--Ptdapm AI _.M ExitFPA 4.OO l
.. F._An0b-,6._ S,okx_t,'O 0,2SS lS00

1,_ I _
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Lunar Return Aerothermal Assessment

BUhTAr_r

w

• Current predictions exceed reradiative capability

• Could fly cooler trajectory; reradiative probably OK

• Uncertainty in radiation heating

• Need AFE results to make final design decisions

==..

Mars Opportunity Profiles

TRAJECTORY PRORLE FOR 2004 OPPO_ON CLASS TRAJECTORY PRORLE FOR 2007 OPPOSITION CLASS

MARS MISSION WITH OUTBOUND VENUS SWINGBY MARS MISSION WITH INBOUND VENUS SWINGBY

DAYS FROM

0.0
165. S
333.4
393.4
658.6

TOTAl.

BODY _lf(IO4/S) DAYS FRIll LAUNCH BODY AV(IOI/S)

EARTH 4.096 O.0 EARTH 4. 744
VEmJS 0.0OO 17Z. 1 MRS OOOO
_ 0.000 Z3Z. 1 e_es 3 tSZ
IM.RS 1.473 403. S VENUS O. 0OO
EARTH 0.000 561.9 EARTH 0.0OO

5.569 TOTAL 7.897

w
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Mars Opportunity Profiles _

TRAJECTORY PROFILE FOR 200g OPPOSrflON CLASS TRAJECTORY PROFILE FOR 2013 OPPO_TION CLASS
MARS MISSION WITH INBOUND VENUS SWINGBY MARS MISSION WITH DOUBLE VENUS SWINGBY

DAYS FROM LAUNCH BOOY

0.0 EARTH
130.3 VENUS
303.3 PARS
363.3 IMRS
583.2 VENUS
73S.8 EARTH

TOT$1

Av(x_VS) DAYS FRm LAUNCH BOOY AV(_/S)

3.936 0.0 EARTH 3. 749
1.099 Z57.5 HARS 0.000
0.0OO 3]7.5 MARS 3.256
Z. OGO 462. I VENUS O. 000
0.000 630.1 EARTH 0.000
0.000 .....

TOTAL 7.005
7nq_

Opposition-Class Trajectories
Types

TRAJECTORY TYPES

OUI"BOUNO
"CATCH-UP"

g

m
1

3,4

,4 _ t.

CONTOURS OF VELOCITY AT MARS (2007)

0AresAY _ i_4sxxxx)

a!VO,f'PA_'_
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Parking Orbits Comparison

/ /" ..• / //

/ Arrival /"" ;," Departure ..-"
./

/:

// .//

Strategy 2 selected orbit = 24.6 hrs, 45°
Nodal Regression about 10° in 60 days

( 'Arrival \ Departure

Strategy 7 selected orbit = 8.2 hours, 30 °
Nodal regression 360 ° in 450 days

Perlapsis advance 207*

Aerobrake and Propellant Mass as a Percentage

of Payload Mass for Mars 2007 Case po.-/_vo

Im¢

hi

120" N'

90"A

I_ms PIracy
kxMa_
Amval

13%

Pmpul_vo a! 470 Isp

IMEO for aetobrake

vs. I:XOl:,ulsiv •

Idats capote

I007

/_robrake

1835

PropulsIve

• Aerolxake may be used again for landing
"Aefobrake high leverage _mdlnology:. SIInJcllJrN;TPS; assembly vs. deployment
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Mars Baseline Full-up Configuration
Keel Section

sum S_e
kt_ ow:m_
P_xe_on _ s_d

Mms
Landw ¢4mlr

Mars Baseline Mission Sequence

i. g_-th l_lmrtm

N

3. Deep Space Burn

2. Outbound Artificial |



Mars

I

I

4. Post.DSB ArtiflciaJ |

Baseline

Mars

Mission

Arrival

Sequence

7. Surface Operatiom

I

F1

i

= =

I

IW

S. Man Aerocapture

Mars

8. Ascent Ship Launch

6. Lander Aero-entry

Baseline Mission Sequence

Return

ll. Earth Aerocapture

kr_
II

iii

II

m_
I

z__-

II

I

!0. Inbound Artificial I

I

l

i

I
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Single Aerobrake Trade Conclusions

m

o
o

J
£f
i.

1,074

2 Aeroshells

Storable
ASC

1,090

/l
1 Aeroshel|/ERC

Storable
ASC

m Mass trade is about even

Single brake configuration more

complex; requires larger launch

vehicle shroud

Drives configuration toward

storable Mars ascent vehicle

Cannot recover transit vehicle

on Earth return

III

!

m

Aerobrake Aero Characteristics PreAiction
For Conical Shape

II

I,., 0. 194,$ i. 35_b --0.1432 I. 1284

0 O. _000 I. 4083 O. 0000 0. 0000

I0 O. 1943 1.3566 0. 1432 -1. 1284

20 O. 3524 I. 2112 O. :2909 -2. 3078

_0 O. 4473 O. 9987 O. 4479 --3. 5952
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Entry Vehicle C.G. Trim and Stability

o3J
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V

0.0 I.O 2.0

I

LJno

Aerobrake Shape Effects &
Protected Area Estimates

D5t?-200$4-1

, L I I

0 l0 20 30

Relative Wind Angle. Deg.
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Results of Fixed L/D

Aerocapture Simulations
_,D,_ffi'jA fO
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• Capture into 24 hour elliplic orbM

• Cool, low de_ Mars aZmoc, phere

• 200 k_m z ballL_¢ ooefficienl (41 psf)
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Mars Aerocapture Corridor
Height Estimates
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NOMINAL TRAJECTORY
WARM, HIGH PRESSURE ATMOSPHERE

_P'_7',dF'JAV'_

EI "
O;.... ": _ . _. L
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52
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f
_,. _o__o-

_12_1)000.

! 10000¸
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20,
Oi J

Mars Landing Profiles
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Lunar/Mars Technology Study

Aeroshell and Thrust Effect on Landing Av
_'OA'J, AV'G

Ideal
AV

to land,
m/see
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900

800
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F

J_Entry Wt 50 tons J

_. Aeroshell Area

_ 200 mZ (m/Cdo = 250)

300 m2 (167)

• 400 m2 (125)

600 I l I

250 300 350 400

Thrust, kN
I | | l
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TPJVo, Earth g

Deceleration - Constrained
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MA.RS AEROCAPTUR.E
__ Prern|ninory Guidance Analys,s _,_

Reentry Conditions:

Attilc_le ,, 100 km

Velocity ,, 7922.45 m/e
LoUtude -, --8.5 de 9

Lor_itucle -. 0.0 de 9

Azimuth -- 43.94

-- --10.18 deg

Veh;cle IxIrometers

M/CdA - 200 kg/me e2

L/D - 0.23
Max roll rote -- 30 de<j/met

Mox roll occeleroUon ,. 2 deg/secee2

Torget condH_Jong:

_l>oops;s = 26,500 km

No _ chonge

('_ -- 4S.+1 d_)

• Improved analysis methods needed, particularly with regard to:

k Transport properties at very high temperatures

Gas radiation

equilibrium

non-equilibrium

• Effects of non-equilibrium chemistry and ionization on convective heating

• Engineering to01s for :treating non-axisymmetric blunt body flow fields
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Aerothermal Methods
and Assumptions

• Flow Field - modified Newtonian

Boundary layer:
laminar - rho-mu

turbulent - Spaiding-CHI
transition criteria

R____ = 220

M e onset

R = 2R
e, turb e, onset

virtual origin at transition onset

Thermodynamic Properties - Freeman and Oliver, AIAA Journal

September 1970

• Transport Properties - Seiff, Advanced Space Research, vol 2, 1982

(warm, high pressure model)

• Trajectory - aerocapture to 36,500 km apoapsis

_,_'_r/A_" _"

w'j

r --

L"

Stagnation Point Temperatures
_47AFi_V,,_

3ooo
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2OOO

lSOO
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Mn q, _11_1
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Equilibrium Temperature Distribution
_ P'U, ¢rJA fro

w
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Mars En_ Aerot_rm_! Assessment

• Peak Stagnation Point Temperatures
F.mitlance= 0.8

- Stagnalk)n Point 2400* F 28o0

- X- 30 ft 2800" F f -'_
/ \

•_u=_ u_._ _oo__ / 2=. \
: / \

"_mina_ Analyses indicatefile(FRCI) / / _ _

and r_jmw_jht abiator(MA255)we_ts aboutequal _" /" _ _ "1

at 1.11bj sq. it at this Stagnation Point. _ / / (,_ "_ _ ]

• Preliminary TPS Recomme_ _ t | ",-J I ! /

l:r_ haTd_in_:_ted arbe_rt°ad_ativ e TPS
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Comparison Of Aerocapture
Environments

_P'U+&='iNG

I
i

m

= =

4O0
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m

Q
2OO

1-

loo

based on equilibrium wall

tempe rahJnl

ecnlssivny : 0.8

Mars relum
_'- entry vel ,, 39,000 fusee
\ (12.15 km/sec)

\ .,,++r'., I
\ i entry vei = 36500 It/see

•X (11"11 knl/se¢)[ [

Mars J [
_ _" entry vel : 25,900 ltlsec

__ l (7.9 kmisec)

60 80 100 120 140 160

Tlme-se_

180

Earth Aerocapture
Flow Conditions

• Time = 80 seconds

• Altitude = 228,500 ft (69.6 km)

• Velocity = 37,820 ft/sec (11.5 km/sec)

Stagnation Conditions

• Fully dissociated flow

• Total enthaipy = 28660. btu/lbm (66 kJ/gm)

• Ionization enthalpy

Total enthalpy = 0.25

• Total temperature -- 20,000 R (11,111 K)

• Cl= 88 btu/sq ft/sec (100 W/cm _) (convection)

• ¢1= 261 btu/sq ft/sec (296 W/cm 2) (radiation)

2O0
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Earth Aerocapture Thermal Environment

r

i F=-_/

Char

Reaction

zone

Vkgin

rna[erial

Titanium

4OO
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!
I-- I00

Stagn,;tion Point

qbasedon radiationequilibrium [

IMnparaturel

m_,'vity.0.s I II l '_I t°ta i

I /11
02.15 km/sec)

/ radiation , _ ,

0 2O 40 60 8O 100 120

Tlme- 14m
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• l
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Predicted Ablator Performance
At Stagnation Point

Phenolic

Silica

,03"

.17"

.02"

g
Lunar

Return

Flihid

Silicone

(MA-25s)

.13".lr'

1.2 INsq fl ]

Filled

Silicone

(MA-25s)

.07"

,31_

_ .02"

1.17 Ib/sq It

Mars

:: Arrlva!

B,O,,Cc"/A VC
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Filled

.... " Silicone

(MA-25s)

iPhenolic v)###_

.28" .21"

.24" _ \_

_ \_ .49"
.24" _ \_

,02" r.a _ _ .02"
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Thermal Protection System
Trade Results
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Overall Mars Aerothermal Assessment
i

Mars aerocapture and lan_ing w_thin reradiative or lightweight ablator

capability with C3 < 50 km /sec

Earth return from Mars exceeds projected reradiative technology and has

large uncertainities in heating predictions

Radiation from nonequilibrium ionized shock layer

- Lightweight .ablators not tested at these heating rates

- May need AFE reflight, especially if Mars transit vehicle

to be recovered

v

Lightweight TPS essential to make recovery of Mars transit vehicle
economical
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Initial Aeroshell Structure Concept; s

E_

i; ", ,22 !

L

0587-20054-1

Baseline Synthesis Model
Generated Iterated Point

Designs For Every Trade Study .,..#,#_
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Earth Return Configuration Selection

Sensitivity to Aerobrake/Propulsion

Internal Escalation

Aemt)rake for
capture inEarth odoll
(reuse Marl cam Aembrake
brake) Mass to Cam/ Earth

Prope0anl _ Return

Crew Hab

0/_ 0 Trlns Earth @_._Q

Injea_n TEl
(TEq_ _ Mas=Aoc_Nerato S_agqp

I_em4d _btkm

IfTEl D_la v is low and

Tram Mlnl In_4K:_on(TMI)
D_la v is h_0h,this is the
le_l n',_s conli0uralbn and
_ tlw mo_ h_m_mm.

If TEl Delta v is h_h and
TMI Dela v is low, breaking
the _ ncaiation
feK,=ackkx_pm_km_
leas=ma= contour=ion

D587-20054.1

Preliminary Aerobrake Structural

Simplified Geometry :

Loads:

Modek

Assumptions

42 ° Sphere section, 29.3 m span
20.88 m ra_u$ of curvature

Constant ffdckness

Uniform pressure - 22 kN/m =

183 MT payload, 12 point touchdown

6 g max accelem_on
20 MT distnl)uted brake mass

NASTRAN FEM

108 elements, 85 mesh

340 DOF

Constrained at 12 touchdown points

Grounded to payload by representative stiffnesses

Analysis

_t',O',O'J, AK¢_'

Maximumline loads:

Results

Axial Nx - 623.9 kN/m (3563 ib/in)

Moment Mx - 189.9 Nm/m (42701 in-ltYin)

Sheer Nxy ,, 1,552kN/m (8862 l)/In)
Mx
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Aerobrake Structure
Finite-Element Model
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Preliminary Aerobrake Structural Design

B'_'&"JAII'd_'

Procedure

Use maximum line loads, iterate component dimensions to obtain minimum material

Assumptions

Reference structure temperature - 394 K (250 °F)

Factor of safety - 1.6

Uniform Cross Section
Square Grid of ED-Welded, Pultruded C/Mg ribs: Rib spacing 2m

Rib depth <lm

E - 270 GPa (39.1 Msi)

FTull - 459 MPa (66.5 ksi)
P - 1830kg/m3 (0.066 Ib_na)

Flat honeycomb panels take all shear loads (design for shear + axial interaction)

Design Procedure: Boeing manual 253.2, 25.3.2, 25.3.5

1"t- 6AJ - 4V face sheets : E - 107 GPa (15.5 Ms_

Foul = 848 MPa (123.0 ks=_

Fc_. 779 MPa (113.0 ksi)
p .4430 kg/m = (0.16 I_rr _)

13 - 3 AI - 2.5V honeycomb : p . 64.1 kg/m 3 (4 Ib/ft3)

Preliminary Aerobrake Structural Design

Results

Configuration :

198 cm

10.2 cm ........

71.1 cm 5.1 cm 7.6 cJn......

' ' ' ' ' ' f _ ' ' ' ' %_'-_-Thermal tiles

Weights: Ribs 8796 kg (19352 Ib)

Honeycomb 15594 kg (34306 Ib)

Thermal tiles 3818 kg (8399 Ib)

Total Aerobrake Structure
without fasteners

(-.10%Aocuracy)

Ii0

28 MT (62000 Ib)

=

_ =

U

_P

W

g



Aerobrake Structural Conclusions

Findings

• Shear stress higher than expected
• Simple design yields aerobrake - 50% heavier than initial

assumption

Lessons

• Distributed loading important to reduce moment
• High strength/weight materials necessary:

C/Mg metal-matrix composite ribs
- Ti/AI honeycomb face panels

• Lightweight TPS critical for Mars--_Earth return
• Triangulated rib grid important to react shear stress, reduce

face sheet weight significantly

Future

• Design structure to take full advantage of deep shell geometry
• Avoid sizing entire structure for maximum line loads
• More refined FEM model

Aerobrake Assembly Detailing

/ c,t_osoar

|

SectionBetweenTenons

iii



Aerobrake Joint Assembly

T._/
P_

Face Panel= _, _

(8,V,=_)

_='- Mating Sudacm

L I I tl II/Fi//

I = _ - . J 5m

Male Eddie

=L_
U

_=-=_

w

10.1 m (33 fl)

Mars Exploration Mission
Configuration

I

30 m (98 _)

Aeroshell Packaging

for Flight #1

M_!
28 m Brake in 4 sections 24

5 Holding Arms 2

2 Manipulator Arms 3

2 Rim Rail Carriages 2

3 Housekeeping Modules 5

+ 20%

5m. _ |

7. - 43 MT
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Mars Exploration Mission
Configuration

Assembly of the Aerobrake Sections

at Space Station

45-Day Demand Schedule for
Aeroshell Assembly

<h OMV

RendetvO_do(k vu,th SlaKe st#leOn

_nd n ¢_rgo carrber & in_4_-t act o_he_l & equipment

ovdt f_s| s_9_e_t _nd IX_lOn

_v_e 41kt4m bl¥ ¢obo_

_;_j_tr_ tram

s_:1 mn _nd _l_n; pu_l togQth_r

/
AbOu¢ I f_i_enee

I $ mmu_es

tege_h

!_o*_ble EVA d_y On-
O¢l_t

Pl_nml_ EVA d_ly crew

Day off

t4KtvOn 80d al_;p_; p_R together

8t! fastene_

Memove 4th _,0_ _d at_l_; pull togett_r

_"_ In_ll_ll| h_mlekeeptng moclule_ (])

I

_///////////////_ _ v'___y,'.,_
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Robotic Assembly Suite

Labeled

Targeted

Trunnion

EM An

Nitinol

Mars Lander

Video Camera

L-

EVA

Handrails

= =

i-
z_

i

Compact CCO

Machine Fisheye

EM Coordinate

Beacons

Toolset -- Hold-Down

2.5m Work Arm 30m

RMS

30m RMS

Aerobrake Structure

Software Architecture

Modeling Task Inloal_e'o_lio0'_

Kcurves,lines,surface$.l _ _ Pr

| reflectance,color, ;_ ira ectories manipu-

_I '_'_°" I -_'l°r'f°ature relali°"' (inUer_clJoR "lh| polygon maltchwlg) | synlhetlC representation)

Feal_e Exlraclion Function Transfocmabon

I--

_ of b_ _)
"r" (adac4allon and torques , velo,ciliqm) /

o. cont_,nc_ h_d.,_) -

PhysicalWorld _ e_//
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Aerobrake

Summary Assessment
80EJN_

• L/D 0.3 - 0.6 (corridor height and g limits)

• Ballistic loading 200 kg/m 2 (40 psf), gives adequate terrain clearance

(hmin _- 30 kin) and size compatible with spacecraft.

• Asymmetric lifting shape puts trim c.g. close to middle of protected area.

• Initial controllability runs have not identified any problems.

• Aerobrakes are highly loaded structures and should probably be rigid;
assembled.

• Distributed loading and composite materials essential for minimum weight.

• Earth return C3s up to 50 appear feasible with conventional TPS.

Aerothermal

Summary Assessment

LUNAR RETURN

• Uncertainty in radiation heating, current predictions exceed reradiative capability

- Trajectory design may reduce problem

- Need AFE results for final design decisions

MARS RETURN

(Mars capture and landing within known capability)

Earth return exceeds projected reradiative technology

- Large uncertainties in heating predictions

- Radiation from nonequilibrium ionized shock layer

- Lightweight ablators not tested at these heating rates

- May need AFE follow-on

Lightweight TPS essential tO m_ke recovery of Mars transit vehicle economical

I15
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NASA-OAST
HIGH _ENERGY

STUDIES OF
AEROBRAKING
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OVERVIEW OF OFFICE OF AERONAUTICS AND
SPACE TECHNOLOGY

OAST HIGH ENERGY AEROBRAKING PROGRAM
(MANAGEMENT)

;=

i

S. WANDER

I HIGHENERGY A,E,ROBRAi<I'NGi
.* , o_ ,__:_,_,: .......i=.............=.... i;;_.. _ ...............

I

"-FI...... "t ._":'-" "" :". [Guidance, navigation_

h ,._ , ..w , m )Approac : Analysis, ground and flight tests
II

W

M
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PROJECT PATHFINDER
HIGH-ENERGY AEROBRAKING

PROGRAM OBJECTIVES

• Develop Critical Technologies For Planetary
Aerocapture/Aeromaneuver and Earth Re-entry

• Enable A Factor Of 2-to-3 Reduction In
Propellant Mass For Planetary Missions

TECHNOLOGY ISSUES

• Optimization Of Aerobrake Configurations

• Heating Mechanisms Definition

• Development of Thermal Protection Systems

• Need For Real-Time Adaptive/Fault-Tolerant
Guidance, Navigation, and Control (GN&C)

• Inadequate Ground Test Facilities

PROJECT
HIGH-ENERGY

PATHFINDER
AEROBRAKING

OVERVIEW DESCRIPTION

Research-oriented program in a suite of key disciplines;
focused through mission-oriented systems analyses and

configuration concept definition. Simulations and discipline-
specific milestones planned. Requirements for space

flight demonstration to be defined.

RESOURCES REQUIRED

FY'89 FY'90 FY'91 FY'92 FY'93 (Continuing)

FUNDING 2.0 4.0 8.0 13.0 20.0 (TBD)
(S,U)

WORKFORCE TBD TBD TBD TBD TBD (TBD)
(WY/Y)
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PROJECT PATHFINDER

HIGH-ENERGY AEROBRAKING

_Y

TECHNOLOGY DEVELOPMENT PHASE
MILESTONES/DELIVERABLES: 1993

• IMPROVED CFD CODES AVAILABLE

• EXPANDED ENGINEERING DESIGN CAPABILITY

• VALIDATED ADAPTIVE GN&C CAPABILITY

• ADVANCED TPS MATERIALS EVALUATED
AND DEVELOPED

• BASELINE CONFIGURATIONS FOR ROBOTIC
AND PILOTED MARS MISSIONS DEFINED

• FLIGHT EXPERIMENT(S) DEFINED

PROJECT PATHFINDER

HIGH ENERGY AEROBRAKING

i

HI

-IIIII-
V

MULTI-FACETED PROGRAM; INVOLVING MULTIPLE
OAST DIVISIONS, MULTIPLE CENTERS

• MANAGEMENT STRATEGY:

OAST/RF: PROGRAM MANAGER

MUL TI-D/V/S/ON MANAGEMENT OVERSIGHT COMMITTEE

INTERCENTER WORKING GROUP

- FIELD CENTER: "PROJECT IMPLEMENTATION MANAGER"

= _

W

• PROGRAM DEFINITION APPROACH:

- INITIAL PLANNING PROCESS APRIL 88 to SEPT.88

- PRODUCT: "High-Energy Aerobraking Program Plan"
'H-E-A Technology Project Plan"

- ESTABLISH PROGRAM LEAD CENTER & PARTICIPATING
CENTERS ROLES AND RESPONSIBILITIES

W

120
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HIGH
WORK

ENERGY AEROBRAKING
BREAKDOWN STRUCTURE

ii

PROJECT PATHFINDER

I Transfer VehiclesThrust

.... 1
i .,GH-ENERG_A.O.A_,NGI I
I PROGRAM I t

I -ro amlPr "e t I I !
• I

Mission & Vehicle I

I _.:L .;_o,._ I l I Conce,,_,._,es l
I g I [ I {System Analyses) J t

IAe,other_o-I! Me,...,, I I_°,d.oo.,! I R,g.t I _.
I dynamics ! I& Structures l I Navigation, I I Test ! _.

I I I I ! & C'°ntr°l'l i Definition I

HIGH ENERGY AEROBRAKING
PROGRAM MANAGEMENT STRUCTURE

OAST MANAGEMENT

OVERSIGHT

COMMITTEE

l ParticipatingICenter:

LARC ,J

OAST I

PROGRAM

MANAGER (RF)

: • [

ii '-
Center:Center: |

ARC JPL .J

11
PartIcipetlngi

Center: i

Jsc ]

Planning 8, Tech. Reporting

Center Roles/Funding ]

i21



HIGH ENERGY AEROBRAKING
MANAGEMENT OVERSIGHT COMMITTEE

[ I I I

i

I COORDINATION: tRS

,i i

J CHAIR: RF

HIGH ENERGY AEROBRAKING
MANAGEMENT OVERSIGHT COMMITTEE

III I

CHAIR: RF

Discipline
Lead: RM

I Discipline
Lead: RC

I Disicipllne I
Lead: RX

I COORDINATION: IRS

Responsible For Chairing Oversight Meetings;
Aerothermodynamics Dlscipllne/Workpeckage Planning;

end Plan Integration

Responsible For Materials & Structures
Disclpllne/Workpackage Planning

Responsible For GN&C Dlsclpllne/Workpackage
Planning

±i

Responsible For In.Space R&T Experiments

Consideration/Planning

Responsible For Cross-Discipline Coordination, and
Mission Analyses
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HIGH ENERGY AEROBRAKING

INTERCENTER WORKING GROUP ,

PERMANENT/ACTIVE
MEMBERS OF IWG

F_

= :

I
DIscipline I DIscipline DIsIclpllne

Lead: RC ! Lead: RM Lead: RX

I •

Req'ta: Z
NASA/USER

OFFICES

JCM-O220

HIGH ENERGY AEROBRAKING MILESTONES

AND DELIVERABLES

Aerothermo-
dynamics

Mission and
Vehicle

Concept
Studies

Flight
Test

Definition

Materials
and

Structure:

Validation Atmospheric
and data base models

Real gas
flow codes

Validated

predictive
codes

Continuing
R&T Base

Preliminary
concepts

Base line
vehicles

designed

Finalized
aero

configuration

AFE
!

i

Candidate materials:
volume reflecting Finalized

non-metallic, ablators TPS design

PRFE
Verified
design

concepz

_k
Guidance, L Control Validated

ContinuingNavigation _. algorithm adaptive R_/
and Control _ defined GN&C

_ase

Jing

I 1"988 I1989 11990 } f9911 1992 J 1993"11994} 1995 1 1996 1 i997 l 1998]
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SPECIFICS OF AMES'
AEROBRAKING EFFORTS:

PAST, PRESENT AND PLANNED

125

pA_G__INTENT|ONALLY BLANI_



mw

OVERVIEW OF AMES' TRANSATMOSPHERICS PROGRAM

PRESENI'ED AT THE CODE R/FJFJINDUSTRY HIGH ENERGY AEROBRAKING HEAB WORKSHOP

1/31/89

BY

JAMES O. ARNOLD

= =

"lm

rl

(1996)

SPACE : AERONAUTICS

SPACE
PROJECTS

INTELLIGENT
SYSTEMS

RESEARCH

AERO-
PROJECTS

FROM
COMPUTATION

TO
RIGHT

i
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TRANSATMOSPHERICS

Ames will strengthen its established
excellence in _;elecled a4reas of basic
re_m'¢41 an_l te_y gewN_ment for
seroq_ce systems trmt transpmt humans
w_l materials to and Irmln m and within

almospheres o! other l:<)dies in the sola_

system.

Ames _ excel in

• _ and _ phys_s
" re-emry syslems

" __c _ llig_ research

* aedrospacecrlll
" atmospheric _ probes
" splice cargo transports

-,4
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THERMOPHYSICS FACILITIES

HIGH REYNOLDS NUMBER CHANNELS

STEAM VACUUM SYSTEM
f_
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RESEARCH THRUSTS

b._
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llOnalFluldll -I

c_: HOt.ST J
ANI.: GREEN |
C.S.: 17 |

A_OC'L: 2S J

Expe.menud
Fluid DynamOs

Chief: MARVIN

AI_.: HORSTMAN

C. 5.: 17

AmOC'L: 8

I_IMC. APPLIED NeO _.HERIC RESEARCH
QEX_A_TV/AFE/_ARY ENTRY
mmeP.SONK3S/AF..qO4_ACE PLANE/SItUI"rLi m
LeACE SHUITLE ANO 8PACE STATION
000 SUPPORT

• ..

Fluid Dynamics Division
RF

Chad: KUTLEFI

Dq_ty: GROSS
Tech. Al_.: TALARICO
S4cre_: ERNST
Contrleto_. 110
Slaff A_.: ROGERS
Stuff Sd.: ITEGER
Stiff S_.: RUSESIN

, Staff Set.: MOIN
Stiff S¢i.: REYNOLDS

I
-I
P,U_Ch

Chief: DAVIS
As_.: LEE
C.S.: 15
A_OC'L: 10

f RFTC

J
I c.s.: i, !
I ''_'': '° /

Flu_l Dynamlcl

Chle_: LOMAX

Al_.: INOUYE

C.S.: 3

i _ i __

J CENTER FOR

TURBULENCE RESEARCH

Ce_et Oirectot

-I
ICh4e(:WATSON

J_s.: I
IAMOC'L: S

Physk:s Sect_n

Head: KIM
C,S.: 7
AI,SO¢ I. 11
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SUMMARY

AMES STRATEGIC Pt.AN SHOWS LONG-RANGE C,O_MITMENT
TO T_ATMO_'_EIRtC_, INC,LU_NG CSTI & ADVANCED
MARS I_i@IONS.

AMES I_ ADDING STAFF TO MEET THE CHALLENGES OF
T_TM_PHERI¢.,_ AND SOME EXPERIE_ED STAFF WILL
BE ROLLING OUT OF THE NASP PROGRAM INTO NEW
PROGRAM8 SUCH/48 PATHFINDER HEAS, WHILE COMPLETING
PROJECT@ _,UCA-IAS/_'E.

AMES EXISTING AND PLANNED COMPUTATIONAL AND
EXPERIMENTAL FACILITIES WILL BE SIGNIFICANT TOOLS IN THE
TECHNOLOGY BASE FOR THE DEVELOPMENT OF" FUTURE
TRANSATM_;_SPHERIC VEHICLES.
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MARS MISSION ANALYSIS/SYSTEM STUDIES

CODE R/Z/E/INDUSTRY
HIGH ENERGY AEROBRAKING WORKSHOP

NASA AMES Research Center

January 31 to February 2, 1989

M. E. Tauber

Aerothermodynsmlcs Branch
NASA Ames Research Center

7x 106

"_ • PROP 0" AND •

4 - D PROP O" ATMOS •

3 ATMOS O" AND •
_ -- 8-MAN CREW

1975 TRIP

z 2 O- DAY STAY

12)

0 0 -
CHEMI_L : NUCLEAR

PROPULSION

F]I_- _;.- Earth urblt, laLuiell ueL_;hLs.
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OPTIMUM 330 DAY MANNED MARS MISSION
NASA SP-35, 1962

M 1 = 2040 ton

AV = 4.4 km/sec _ J _ -._ _ _. -., -,.

--/ M 2 = 723 ton

I ® '_ <2_,d,y,l k,,,I,,_I ®))

(a) ADVANCED UNMANNED

M 1 = 1240 ton
._V = 10.2 km/sec

/_¢_- M, = 123 ton
---- _ _ Ve',14.6 Ip<_ _

_(_) (150 days) km/se¢ ,_" M_|._/

(b) MANNED EARTH-TO-MARS

= ,.

=

¢,,

_m

M 3 = 5 ton M 1 = 485 ton

V e = 13.8 kin/see AV = 8.3 km/sec

M 2 = 43 ton _,_

(150 days)

(C) MANNED MARS-TO-EARTH

W

I

14o

120

6O

VI =6.7 kin/me
m/CoA = 400 k_/m2

AEROBRAKING ON ARRIVAL AT MARS

2o
o

i I i. . I I k I I

200 400 600 800 tOO0 t200 1400 1600
TIME. N¢
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HEATING PULSES DURING AEROSRAKING AI" MARS "

go
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STAGNATION POINT HEATING RATES DURING

EARTH ATMOSPHERIC ENTRY

(COLD WALL}
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_ /MANNED MARS
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AMES' AE,,ROTHERMODYNAMICS PROGRAM
THEORETICAL and, EXPERIMENTAL

rr_

CODE R/Z/E/INDUSTRY
HIGH ENERGY AEROBRAKING WORKSHOP

NASA AMES Research Center

January 31 to February 2, 1989

G. S. Delwert

Aerothermodynamlcs Branch

NASA Ames Research Center

THEORETICAL AEROTHERMODYNAMICS

Real Gas Code Development:

Equilibrium
Finite Rate - Dissociation and Ionization

Thermal Nonequllibrium
Nonequilibrlum . Radiation

Ablation

Low Density Flows .......
Particulates
Turbulence

Unsteady

Algorithm Enhancements
Dlscretlzatlon & Graphics
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...._' "" SHOCK LAYER PHYSICS COMPARISON;" "_t ,. r,

......' High Energy Aerobraking
(Mars Return Missions)

Velocity - 12-14 km/s
Nlitude • 65 k,,n (_ direct)

II0w: :r flow

w-,ve T_ AbJating
I_ wall
r@gk)n (rough)

I I

ToW 100 '_
radla_xt Neutrals

w/cm3.
0 I ,

qr . 10 Tolal heat load
qc - 3 kW/c; 2

fW

Imr

[_

glp

W

W

z

1-D ThQrmochemk:al NonequUibrium Code Development

Objective:

Code:

Chemistry:

Status:

Future:

Develop the capability to simulate real-gas flows

where multi-temperature effects are Important

Combined STRAP & SPRAP, explicit 2nd order

4 elements: (N, O, A, C)
19 species: atoms, diatomic, trlatomlc, Ions, electrons

38 reactions: 7 dissociative, 24 exchange,

3 associative Ionization, 4 electron Impact Ionization

Applied to shock tubes, stagnation streamlines, nozzles

Validated with nonequilibrlum radiation spectra (AVCO data)

Add selected hydrogen species

(Titan entry and combustion studies)

111
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2-D Thermochemk;al Noneauilibrium Code Developme.nt

Objective:

Code:

Chemistry:

Future:

Develop the capability to simulate real-gas flows
where multi-temperature effects are Important

Two dimensional, fully implicit, upwind,
Gauss-Seidel relaxation scheme.

Finite rate excitation, reaction, and Ionization.

Seven species air, six temperatures

( 1 translational-rotational, 4 vibrational, 1 electron ).

High levels of ionization,
Electro-magnetic forces,

Improved electron modeling,
Extension to three dlmenslons,

Multi-component, thermal and pressure diffusion.

Results - Cylinder

. Interferogram of 2 inch diameter cylinder in N2 and N.

n_ = 5.59kin/s, .M_ = 6.1, Re = 12000, _b = 5.5.

experiment (Hornung)

1 temperature model

139
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Results - Cylinder

• Interferogram of 1 inch diameter cylinder in N2 and N.

.uoo = 5.59kin/s, A"[_ = 6.1, Re = 6000, _b = 2.7.

multi-temperature model

W
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= _
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Objective:

Codes:

Chemistry:

Status:

Future:

Noneauilibrium Code Development

Develop capability to simulate flowflelds In
nonequllibrium air

Explicit 3-D, 2nd order accurate upwind, steady flows
Implicit 3-D, 2nd order accurate TVD, unsteady flows

Fully coupled, _ dissociating/ionizing air _

Explicit code applied to AFE configuration

Compared with ballistic range shadowgraph
Implicit code under development

Multi-temperature thermochemical nonequillbrlum
capability

Application to unsteady base flows
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Direct Particle Simulation of HvoersoniG Flow 

Objective:
• Develop the capabilities of a new discrete
particle simulation method for rarified hypersonic
flows In 3D with non-equilibrium chemistry.

Approach:
• Fluid is modeled as a large collection of
discrete particles that interact with each other
through collisions.
• Simplified physical models are used allowing
orders of magnitude increase in computational
efficiency while enhancing statistical accuracy.

Future Dlrectlons:

• Realistic 3D geometries with more general boundary conditions.
• Molecular models are being extended to account for additional internal
degrees of freedom, chemistry and wall-particle interaction models.

Payoff:
• Direct particle simulation is applicable at low densities and high Mach numbers
beyond the reach of continuum methods.
• Enables particle simulations on a much larger scale than previously possible.

• Provides needed insight in the design of proposed hypersonic vehicles.
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Nonequilibrium Radiation

Objective: Predict point spectra and line of sight radiation in
flowflelds out of thermochemical equilibrium

Code (NEOAIR): All allowed dlatomic transitions.
Forbidden dlatomic trans|tions.

High resolution spectra ( ~ 0.01 A )

Rotation distortion to 4th order
Spin-orbit, spin-spin, spin;rotation to 1st order
Lambda splitting by perturbation

Realistic radiative transport

=:

Applications: Vacuum UV radiative transport
Spectroscopic data analysis
Accurate simuiatlon of radlometrlc signals
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PREDICTED AFE
SHOCK LAYER SPECTRA

V = 10kin/see h=80km
Do

103-

EQUIUBRIUM SPECTRAL FLUX
SHOCK LAYER OEPTN: 10.0 ¢m
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FREEJdOLECULE FLOW

I.-

THERMOCHEMICAL NONEQUlUBRIUM
(MULTI-TEMPERATURE NONEOUiLIBRIUM NAVIER-STOKES CODES)

• SHOCK TUBE DATA

FACILITY:

FLOW CONDITIONS:
DATA TAKEN:

• SHOCK LAYER DATA

FACILITY:
FLOW CONDITIONS:
DATA TAKEN:

FACILITY:
FLOW CONDITIONS:
DATA TAKEN:

E.A.S.T. (ELECTRIC ARC DRIVEN SHOCK TUBE)

5 <_U s < 13 kin/No, ,0E _ Pl ,C 1 tm'r
SPECTRAL DATA, SPECIES, VIBRATIONAL ENERGY
(LIF. CARS)

HFFAF

15<M <30, 1 <p< 16 tort

HOLOGRAMS, $HAOOWQRAPHS (DENSITY, SHOCKS)

60 MW ARC JET

M - II, Po " .012 arm. Ho - 46 MJ/ktl
SPECTRAL DATA (SPECIES DISTRIBUTIONS)

• AFE, FLIGHT EXPERIMENT FOR AOTV

FLOW CONDITIONS: 8 <_V ,_ 10 kin/No, 70 < h ,_ 120 km
DATA TAKEN: RADIATION SPECTRA. SPECIES DISTRIBUTION,

SURFACE p & q
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BALLISTIC RANGE EXPERIMENTS

_;. SLENDER SHARP & BLUNT CONES
• _- _i w/o & with Shock Generators
__=_i_?wio & with Flares ,
e_! BI43ONIC SHAPES
   SHAPE •

TEST (_ONDITIONS:
T-

'_e' Model Velocily : 5 & 6 km/s
".,!!,6"_M _:!4 tq

"" "r,

MEASUREMENTS:
_e_: DRAG COEFFICIENT
*e SHOCK SHAPE (Shadowgraph)

;. Forebody Shock
• Embedded Shocks from Shock Generators or Flares

e BASE FLOW.4RELD VISUALIZATION (Shadowgraph)
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AMES _ CENTER HYPERSONIC FACILITIES-:

HYPERSONI_ _ IqJGHT FACILITY TEST CONDITIONS

• STREAM

-- MACH NUMBER

- STATIC PREJm_liltE

- ENTHALPY,

• REYNOU_

• MOOEL

-- VELOCITY, ram.:

- ACCELFJtATIlQ_ m.

- WZF.,row.
F

-- WEIGHT.

• INSTRUMENTED RANGE IIECTIQN

- DIAMETER

- LENGTH

- NUMBER OF STATKml8

7 iOA IlX.L _j
L4111_D _ m
JlWlh_

__-1

mAee

37 udlem
411

3.1_

_R
le

m

g

U

U

w

J

L
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II

U

W
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RAR FLOW TESTPROGRAM
FOR--  D CODE VALIDATION

( tic Simulation)

• DEVELOP AND OEIIOIITRAlt CAPABILITY TO STUDY ROTATIONAL
_I_SPE_A iN DIATOMIC GAII_ tJtlDILq LOW DENSITY RAREFIED

...... CONDITIONS

APPROACH:
i;-e-- MEASURE RAREFIED GAS FLOW AT HIGH MACH NUMBERS FOR

SIMPLE AEROOYNAMIC SHAPES IN THE LOW PRESSURE WIND
TUNNEL AT U.C. BERKELEY _ _, _ -_ -

F_RE DIRECTIONS: .......
• INTERACTION OF FAST MOVING OXYGEN ATOMS WITH SOLID

......... SURFACES
_ _ ETX-PER|MENTAL VALIDA_ OF ALGORITHMS BASED ON PARTICLE

....... COLUSION TECHNIQUES

_ SIGNIRCANCE:
_• THIS MEASUREMENT CAPABILITY CAN BE USED TO VALIDATE

PARTICLE-KINETIC SIMULATION CODES FOR RAREFIED GASES
THAT USE HEURISTIC MOLECULAR EXCHANGE MODELS

• THESE VALIDATED CODES WILL THEN BE USED TO SIMULATE THE
FLOW EIELD FOR NASA'S AFRO-ASSISTED FLIGHT EXPERIMENT
(AFE)
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RAREFIED
(PARTICLE - KINETIC SIMULATION)

W

e -

oLOW DENSITY FLOWFIELD DATA

FACILITY: U.C. BERKELEY LOW PRESSURE WIND TUNNEL

FLOWCOND1TIONS: 50 km < H, 250 km, M, 20, Nitrogen, Oxygen

DATA TAKEN: DENSITY, VELOCITY & TEMPERATURE FIELDS
FI.OWFIELD STRUCnh_
SIMPLE CONFIGURATIONS

INSTRUMENTATION ELECTRON BEAM PROBE
FABRY-PEROT INI'ER{-_KOME {_a,t

QUADRUPOLE MASS ANALYZER

W

W
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W
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Thermo-Chemical Noneq

Continuum Extension

Particle Kinetics

Instrumentation

Thermo-Chemlcal Noneq.

Nonequllibrium Radiation

AFE Flow Fields (exp.)

Rarefied Flows (exp.)

Low Density Separation
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AMES'COMPUTATIO_CHEMISTRYACTIVITY_DAPPUCATIONS

TO DETERMINEPROPERTIESOF SHOCK-HEATED_R AND MARS

ATIvlOSPHERICGASES

HIGHENERGYAEROBRAKINGWORKSHOP

DAVIDM. COOPER

COMI:_ITATIONAL _ BRANCH

AI_IESRIE3E,AROt CENll_

_ 1.1989

PRESENTATIONOUTUNE

. INTRODUCTION

•RAD_IIVEPROPERTESOF

•EXAMPLEAPPUCA_ONS

, REACTIONRATECONSTANTS

• HIGH-1EMERATURETRAN_RT PROPERTIES

• COLLISIONAND EXCITATIONCROSS-SECTIONS
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CALCULATION OF MOLECULAR PROPERTIES FROM FIRST PRINCIPLES

DIATOMIC MOLECULES
ELECTRONIC

L

.,z

VIBRATION-ROTATION

INTERNUCLEAR DISTANCE

SOLVE SCHR_DINGER EQUATION

• POTENTIAL CURVES

• TRANSITION MOMENTS SOLVE SCHII(_DINGER EQUATION

• _IN ORRIT MATRIX ELEMENTS • WAVE FUNCTIONS

INPUT COEFFICIENTS FOR FLOWFIELD CODES J

CALCULATE TRANSITION PROBABILITY

• CROSS SECTIONS FOR

NON.BOLTZMANN ENERGY

DISTRIBUTION

WAVELENGTH

NO POTENTIAL ENERGY CURVES

1.8

lO,OOO

• VALIDATION OF QUANTUM CALCULATIONS

NO BETA ELECTRONIC TRANSITION MOMENT

1
&

i EXPERIMENTAL CURVES

O THEORETICAL DATA
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ELECTRCNIC TRANSITION
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I
1212

OH A2Z+ LIFETIME

I _t I_
II ,,

tti tt t
THEORY

YEAR DATAOBTAINED

RADIATION INTENSITY FACTORS

SYSTEMS CALCULATED OR VERIFIED
N2

First Positive Second Positive
Birge-Hopfield Wu-Benesch
Lyman-Birge-Hopfield

N2+
First Negative
Meinel

First Negative

Beta

Second Negative

02 +

Second Negative
NO

Delt a .... Gamma .
OH

Ullraviolet

SYSTEMS IN PROGRESS
02

Schumann-Runge Herzberg I
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THEORETICAL C2H SPECTRA: DESIGN OF A NEW COMBUSTION PROBE
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LaRC SCRAMJET DIAGNOSTIC PROBE

OUTPUT: CALIBRATION CURVES
INPUT: OH A-X LAMP FOR OH TRANSMISSION

Ttram - 600 K

Tvl b - 2300 K

Tro t - 1380 K THEORY

SLIT " 0.26 A

WAVELENGTH, A

L i i i I I . I I I i i i

3046 3078 30IS 3096 3103 311S

j EXPERIMENT

!.00

.76

z
o_

3.so

m
i-

.215

OPTIMAL 0.1 nm INTERVALS

Nt- 1.0:1017

nm

308.1-308.2

_.0-3_. 1 \_

O 1 i | I J

_00 30OO

TEMPERATURE, K
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RESULTS OF ARC STUDY

• THE OH LAMP SPECTRUM IS WELL-CHARACTERIZED

• THE ORIGINAL LaRC EXPERIMENTAL CONFIGURATION CAN PROVIDE

TEMPERATURE MEASUREMENTS TO ±60 K IF PROPERL Y CALIBRA TED

• THE USE OF NARROWER DETECTOR CHANNELS (0.4nm) PROVIDES TWO

TIMES BETTER SENSITIVITY (+30 K)

• BETTER REPRODUCIBILITY IS OBTAINED BY AVOIDING OH HOTSANDS

MAJOR (1-1) BAND CONTRI8UTION FOR ), ;_ 313 nm

RECOMMENDED iNTER VALS:

307-309, 309-31 I, AND 311-313 nm
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9' HARTECK AND DONOE$, 1967
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THERMAL DIFFUSION FACTOR
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THERMAL CONDUCTIVITY
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CALCULATED AND EXPERIMENTAL CROSS SECTIONS

• CRITICAL EFFECT OF ELECTRON-MOLECULE COLLISIONS IN GOVERNING
EXCITATION, DISSOCIATION AND IONIZATION OF THE SHOCK LAYER GASES
HAS BEEN RECOGNIZED. THIS HAS LED TO A CONSIDERABLE IMPROVEMENT
IN THE NONEQUILIBRI_UM MODEL

i

e- N2 v - 0 TO 1 CROSS SECTION AT go" e- N2 v - 0 TO 1 TOTAL CROSS SECTION

_I.7

5.e

1.4

U 1.0

PRESENT CALCULATION. J "0
O EXPT

10 20 25 30 35 40 45

_57 F _ EX_r

s 3.2
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_2 . 1.

--.,
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-- : ELECTRON ENERGY, eV
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DISSOCIATIVE RECOMBINATION -- ASSOCIATIVE IONIZATION

0 2 +e ,,_O+O

POTENTIAL ENERGY CURVES:
ION BOUND STATE
MANY NEUTRAL
REPULSIVE STATES
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RATE CONSTANTS
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ELECTRON TEMPERATURE, K

FUTURE PLANS

REACTION RATE CONSTANTS
2CO 2 ---> 2CO + 0 2

CO_--->CO + O
02--_0 + 0
CO ---> C + O

N2 ---> N + N
O--_O" +e
C--}, C"+ e

TRANSPORT PROPERTIES
- Individual Species (Neutrals and Ions)

Mixtures

RADIATION INTENSITY FACTORS
- Ablation Product Species

Planetary Atmospheric Species

SURFACE CATALYSIS
Surface Reaction Rates
Assess Material Efficiency
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THERMAL PROTECTION FOR HIGH ENERGY AERNRRAKING VFHTCLFS

HOWARD GOLDSTEIN

NASA AMES RESEARCH CENTER

THERMAL PROTECTION MATERIALS BRANCH

FERRUARY 1, 1989

THERMAL PROTECTION SYSTEM DEVELOPMENT PROCESS

PLASMA ENTRY ,,_MULATION

THERMAL RADIANT
TESTING

ADVANCED SPACE
V_LF.S

MATERIALS DEVELOPMENT \
AND IMPROVEMENT GROUP

\

ANALY_

MECHANICAL TESTING
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LONG RANGE OBJECTIVE

__=

TO PROVIDE THERMAL PROTECTION CONCEPTS AND MATERIALS FOR HEAT SHIELDS

OF ENTRY AND HYPERSONIC CRUISE VEHICLES AND PLANETARY PROBES.

U

I

M

PATHFINDER PROGRAM

GOAL

e DEVELOP THE THERMAL PROTECTION TECHNOLOGY REQUIRED FDR AEROBRAKING AT MARS

AND EARTH RETURN FOR MANNED AND UNMANNED MISSIONS.

STATF-OF-THF-ART FOR MARS MISSIONS

e FLEXIBLE (AFRSI) AND RIGID (FRCI, LI-20200, LI-gDo) SURFACE INSULATION ARE
DEVELOPED AND BEING USED IN CURRENT SYUDIES WHERE INSULATORS AR£ REOUIRED.

O CONVENTIONAL ABLATORS (AVCOAT 5026, CARBON PHENOLIC)USED IN HIGH HEATING

AREAS.

RESEARCH IN PROGRFSS

• STUD[ES OF CATALYCITY IN Ch2.

I ANALYSIS OF ADVANCED ABLATORS FOR EARTH......RETURN.
l DEVFLOPMENT OF ADVANCED FLEXIBLE INSULATORS (TABI. MULTILAYER).

m DEVELOPMENT OF ADVANCED RIGID INSULATORS (AETB. METB).

RESEARCH BEING INITIATED

o DEVELOPMENT OF ADVANCED ABLATnRS: NONCATALYTIC. FiII_TIVE.

J TPS REUSABLE AT MARS, ABLATIVE FOR EARTH RETURN: BUILDING ON RSI

TECHNOLOGY.

FLIGHT EXPERIMENTS

o AEROASSIST FLIGHT EXPERIMENT

l ORBITER EXPERIMENTS

m_

Fr;_

W

W

_I

W

M
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APPROACH

DEVELOP FAMILIES OF THERMAL PROTECTION MATERIALS AND CONCEPTS APPLICABLE TO

CLASSES OF MISSIONS,

MISSIONS

I MANNED AND UNMANNED (REUSABLE) LIFTING ENTRY

NASP. HGV. AOTV/AFE, HYPERSONIC AIRCRAFT, ASTS, ALS, CERV. MARS SAMPLE

AND MANNED RETURN

• BALLISTIC ENTRY

PLANETARY PROBES, DOD VEHICLES

MATERIALS

• FLEXIBLE CERAMIC/CERAMIC

FELTS_ QUILTS. 3-O WOVEN STRUCTURES. MLT COMPONENTS

• RIGID CERAMIC

LOW DENSITY FIBROUS CERAMIC COMPOSITES

HIGH STRENGTH CERAMIC/CERAMIC COMPOSITES

o ABLATIVE

CARBON/CARBON. CARBON PHENOLIC, SILICONES, REFLECTIVE AND NON CATALYTIC

ABLATORS.

MATERIAL CHARACTERISTICS IMPORTANT FOR FUTURE
TRANSATMOSPHERIC VEHICLES

bd

:[

ATOMIC (_,_.m...,,,,,,__RECOM,81NATION .........
I_ s;_u_,_, DuN i_CKFACE

CONVECTION _------_p _" TEI_PERATURE

RADIATION ------_ !

E.,ss,ON_ STOOGeI

REFLECTION_

REFLECTIViTY CATALYTIC EFFICIENCY DURABILITY

REFLECTANCE TENSILE

OF 8|1.1_ _ STRENGTH

I I _ BLACKBODY AT _ _SHUTrL£ z_

T ___
• _

,.o,,, _ r-
I

,,l I 6 10 16 20 40 _ lIO 100

WAVELENGTH, _ X SILICA. %

• HOW MUCH RADIATION • CAN LOW CATALYTIC _ • WHAT I_; OPTIklUId

CAN BE REFLECTED EFFICIENCY' B-EEXTENDEO : C_Bi_A'r|oN _ ......
TO TEMPERATUR££ THIEHILt(_PHY$1CAL. AND
AJbOVE 3dNG" F;_ TH£RMOCHF.M_AL,

FOR HIGH TEMPERATURE

THERMAl. CONTROl.?
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RELATIONSHIP BETWEEN EMISSIVE FLUX AND EMISSIVITY OF THE
F_BROUS CERAMIC COMPOSITF.3,
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POTENTIAL MISSIONS

POSSIBLE ENTRY CONFIGURATIONS

AEROBRAKE DIRECT ENTRY ENTRY FROM ORBIT

MARS

LANDER X X X

ORBITER X

SAMPLE RETURN X X X

MANNED RETURN X X X

OTHERS

PHOBOS

VENUS X X

REOUIREMENTS FOR MARS MISSIONS THERMAl. PRhTFCT[ON

RELIABLE

• FAIL OP{RATIQNAL

• SIMPLE

LIGHT WEIGHT

• HIGHLY EFFICIENT

e UTILIZE ON BOARD RESOURCES: I.E.. WATER. WASTE

• _ILTIPLE USE OF STRUCTURAL COMPONENTS

TPS (---_ STRUCTURE (---_ RADIATION SHIFLI)ING

............. ii:__
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NEW THERMAL PROTECTION MATERIALS DESTRFD

T

J

e REUSABLE FOR LUNAR RETURN
w
U

e REUSABLE AR MARS-ABLATIVE OR REUSABLE FOR EARTH RETURN.

ABLATORS AND INSULATORS

e NONCATALYTIC, REFLECTIVE

• UTILIZE ON BOARD RESOURCES

m UTILIZE LUNAR/MARTIAN RESOURCES

INSULATORS

e HIGH TEMPERATURE (HEAT FLUX) CAPABILITY

e _RE EFFICIENT INSULATION

H
i

HIGH LID

LEADING EDGES

FOREBOOY

AFTERBODY

LOW LID

FOREBODY

AFTERBODY

OIRECT ENTRY LOW L/D

FOREBODY

AFTERBODY

AEROBRAKF PROBABLY LOW L/D

FOREBODY

AFTERBODY

POSSIBLE THERMAL PROTECTION APPROACHES

MRS LANDER OR _RDBRAKE

PEAK HEAT FLUX

BTUIFT2-_ _

(5% I00-I000

<30% ~iO-lO0

>501 <I0

ABLATOR

INSULATOR/REFLECTOR/PASSIVELY COOLED

INSULATOR

<30% 20-1500

>60% t-20

ABLATORIRFFLECTIVE ABLATORIINSULATDR

INSULATOR

EARTH RETURN_EHICLE

(30%

>50%

100-2000

I-I00

ABLATOR/REFLFCTIVE ASLATOR

INSULATOR

(40%

>50%

100-2000

1-100

ABLATORIREFLFCTIV[ ABLATORIPASSIVFLY COOLF()

INSULATOR

I
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I

I
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UTILIZATIONOF VEHICLE ON BOARD RFSOURCES

FOR THERMAL PROTECTION

t WATER

• BIOLOGICAL RECYCLED

......_ : ::....... • _:FLOX ULLAGE

• FUEL CELLS

• RECONFZGUREFORAEROPAS,_

-- _: - _ I NEATST_

I RADIATION SHIELDS

I BIOLOGICAL WASTES

• STRUCTURE

" I R_CONFIGUREFOR:AEROPASS
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UTILIZATION OF PLANETARY RESOURCES

FOR THERMAL PROTECTION

g

i

SAME PROCESSES USED TO PRODUCE OTHER MATERIALS

e FIBERGLAS

• CERAMIC FOAM

• METALS

e WATER

• FABRICATION METHODS SIMILAR TO THOSE USED FOR HABITA[ SIRUCTUR[S

i

L=
i

i

POTENTIAL HIGH PAYOFF FOR LUNAR OUTPOST STAGING OF MANNED MARS

MISSION.
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CONSTRUCTING A TWO-GORE TABI BALLUTE STRUCTURE
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FLEX I BLE T_ CONSTRUCT I ON
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PERFORMANCE OF CERAMIC FABRICS IN A CONVECTIVE
HEATING ENVIRONMENT

CONDITION AFTER EXPOSURE TO

INDICATED HEATtMO RATE.
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Boundary Layer Specie Profiles
BLIMPE: Non-Catalytic Wall
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JSC/MARS SAMPLE RETURN PHASE A TRAJECTORY
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MARS RETURN GRAPHITE ABLATION/SURFACE RECESSION

SCALA SLOW KINETICS
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STATUSOF DEVELOPMENT

RIGID LOWDENSITY C[RARIC

• SHUTTL( TP$ FLIGHT PgOVEN

- LI-_K)O. LI-22000. FIICI-20-L2

• IlIPfi(W_O IMT(BIkLS D(VELOPED

- FRCZ. AETil. flE1t

- TOUOI,I(NrLD¢,IM;IaS

• QPTI_IIK) M_Ti_ll_S 1_ BE OEF%UED

ItI6%O H%_ Kml%_ C(llM_

• C_IU_C IMTIIIJI CIIIIm_T(S %11(kRI.Y STAT( OF 1¥_.4111El1¥

FL(XZL(

• JI4UTTI.I( TI_ FL.X4W4TPII_(II

- Fi_, MInG

• UIqI0ViD IMTF.JI]Lkt.IlallEII i)(VELOPH(IIT

- _*1_, 0_mXC _ C0nPOSITES, IL] _ C_W_S[r(S

ASLATOflS

• HARSR(TURN I_SSION REOUIREMENTSDEFTN£D

• NON CATALYTICREFLECTIVEABLATOROEVELOPMENTSTARTING

TECHNOLOGY NEEDS

• ADVANCED INSULATORS AND ABLATORS=

m REFLECTIVE

• NONCATALYTIC

• OPTIMUM DENSITY

e HIGHER TEMPERATURE (INSULATORS)

m REUSABLE (ABLATORS)

OPTIMIZED FOR MISSIONS

NEW CONCEPTS TO MINIMIZE WEIGHT AND COST

e UTILIZE ONBOARD RESOURCES

• UTILIZE PLANETARY RESOURCES

U
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SPECIFICS OF LANGLEY'S
AEROBRAKING EFFORTS:

PAST, PRESENT AND PLANNED
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TECHNICAL OVERVIEW OF
OAST HIGH ENERGY AEROBRAKING PROGRAM

_I

GERALD WALBERG

PRESENTED AT THE

HIGH ENERGY AEROBRAKING WORKSHOP

JANUARY 31-FEBRUARY 2, 1989
AMES RESEARCH CENTER

J

w

: =

J

, : _- _HIGH ENERGY AEROBRAKING :_ ./" _---_

.-:_, - e. navigation| ,- ,..'_..-,-,-':-_
..",' I_ _ f_--_,,E,;;,_ ..... I _;: •....

{Approach:._ Analysis, ground and flight tests), i: _ • -"_" : '"
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STATE OF THE ART
OVERALL

• Only partial ground-based simulation possible

• Vehicle design must be based on computational techniques

Computational techniques now being developed

Lunar mission vehicle analyses nearing completion

Mars mission vehicle analyses require major advances

• Validation by ground and flight tests required

AFE provides validation for lunar vehicle analyses

Additional ground and flight tests required to validate Mars

vehicle analyses

OAST/OFF/CE OFE_pLORATION WORKSHOP

AEROBRA.KING ..ISSUES AND DISCONNECTS

e TECHNOLOGY READINESS DATES

-MARS AEROBRAKING: CONFIGURATION ISSUE, STRUCTURES ISSUE (120"
DiA.?), MODERATE HEATING

-- NO FLIGHT TEST BEYOND AFE REQUIRED

- ON ORBIT ASSEMBLY D.EM_O?_............
-- TECHNOLOGY READINESS 1996

- EARTH._AEROBRAKING: HEATING ISSUE

-,- HIGH SPEED FLIGHT TEST REQUIRED
- TECHNOLOGY READINESS 2000

- FUNDINC,:REDUCT_ON_=FN_i;AY_INOERW,LLSLI__'r_cHN_,OaYREAOINESS
if:_: :c::

e AEROBRAKE REUSABILITY - SAME AEROSHELL USED FOR:

(A) MARg AEROBRAK/NG-AND _NTRY_--_AYBE - >

(B) MARS AEROI_RAKING AND SUBSEQUENT EARTH AEROBRAKING (ONCE)

- MAYBE_ .......

(C) MAR_ AND EARTH AEROBRAKING (MULTIPLE TIMES) - PROBABLY NOT
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AEROBRAKING ISSUES AND DISCONNECTS (CONT'D)

• STRUCTURAL WEIGHT OF AEROBRAKE
10% AND 15% ASSUMPTIONS NEED VERIFICATION

VERY LARGE MARS VEHICLES (120' DIA.?)

HIGH EARTH ENTRY HEATING (RADIATIVE AND CONVECTIVE)

• VEHICLE CONFIGURATIONS

MARS_- NAVIGATION INACCURACIES; ATMOSPHERIC UNCERTAINTIES; MAX G's;
PACKAGING

- HIGHER LiD's (.5-.8)?

EARTH - HEATING (RADIATIVE AND CONVECTIVE); MAX G's; ATMOSPHERIC
UNCERTAINTIES

- LESS BLUNT?
- BLUNTED RAKED CONE?

• AEROBRAKING AND SOME ADVANCED PROPULSION SYSTEMS MAY BE SYNERGETIC

L =

IMI

h_

u

I

W

m

HIGH ENERGY AER,Q_BRA_K!NG_MILESTONES
AND DELIVERABLES

i
I

,_ Validated
Real gas Validation Atmospheric predictiveAerothermo- flow coaes and data base models

dynamics and gas experiments coees
properties

Mission and / ehml an/Vehicle .,_ Pr " 'n Finalized
concepts .aero

Cs_un_lieePst ",1 . conliguration

I .... %Flight \ \ I Ba.se !ine II .__ _'.,I
Test / k k I venicles I I AFE

Definition/ \ \ I designed I I /
•, _, . I I.-------- 1 /

/
Materials / L Candidate materials: / =;,,_l;-.,_.

and / _-_ volume reflecting / _-'_'L-:_'..%_.
Structures _ I non-metallic, ablators / .r_ u_o._.

J ..... ,...I .r,,,
Guidance, I_ Control Validated \ n^.,;.,,,=,,,.,
Navigation _ algq.rithm ' a_apt_e _ _,'_"{_'_

and Control "1 oellneo _l,_,--,,., ' I/

[ 119 01i'0911i9 -1 93Ti'99 1 1995[1996 I 1997 J 19981

_ Continuing
R&T Base

' _ Continuing

R&T Base
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FLIGHT DOMAINS FOR
CURRENT MARS MISSION STUDIES

Earth return
Mars aerobraking

aerobraking

I I I ,I I 1 f

4 6 8 10 12 14 16

Velocity, km/s

SHOCK LAYER PHYSICS COMPARISON

Aeroassist Flight Experiment
(Lunar Mission)

Velocity - 10 km/s
Altitude - 80 km

Air _ - _-.,,,,_,/.._._

°ow 1_ "ion

Shock _ J\ _
wave Laminar

boundary Smooth
layer wail
- (noncatalytic)

lonization

0 J

High Energy Aerobraking
(Mars Return Missions)

Velocity - 12-17 km/s
Altitude > 65 km (or direct)

Air, _.._/J_ ( prhol_tiuO?
_wwa ck- -/_"_ t / \ (turfl°ul%nt)

Turbulent Ablating
mixing wall
region (rough)

I

/ _ Neutrals (n0nequiiibrium- 100
Total 1-0 r f'_ J , spike) Total

radiation / J' \ /_-Jons radiation

W/cm3 0 _, W/cm3 0
I

qr =0.5 Total heat load q_r. = 10
q c 20-30 W/cm2 qc

30 % i
Ionization I

,,

I I

lons

Neutrals
I i

Total heat load
2-3 kW/cm 2
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CONVECTION HEATING RATES
FOR MARS AND EARTH AEROBRAKING

Earth return
Mars aerobraking
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EFFECT OF L/D ON MARS AEROBRAKING ACCURACY

EXIT_SPEED
30

ACCURACY.
m/sec

2OO

150

IO0

50 ¸

1 I I ! I O
0 0.5 1.0 1.5 2.0 2.5 3.0

L/D

18

15

ORBIT
PERIOD

10 3 o
ACCURACY.

500km
MARS

5 ORBIT.
min

NASA L-5694-19 J. WALBERG 8/9-11/82

L/D AND m/CDA FOR TYPICAL CONFIGURATIONS
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STATUS OF LaRC HEAB MISSION ANALYSIS
AND GUIDANCE STUDIES

by

Dick Powell

Space Systems Division

February 1, 1989

INTRODUCTION

LaRC past involvement with AOTV has included:

1. Systems analysis

2. Trajectory optimization

3. Guidance and control systems designs

4. Aerodynamic characteristics determination

5. Modelling of atmOspheric uncertainties

6. 6 DOF simulations

7. Heating/flow field analysis
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FLIGHT REGIMES OF THE SPACE SHUTTLE
ORBITER AND AOTV
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L/D

2.0

1.5

1.0

AOTV LIFT/DRAG HISTORIES

Continuum flow
1.88

h L/D

Solid curves based on

high altitude viscous flow

+

.5

I

0 100

Mid L/D

L/D
I

200
I I 1 I

300 400 500 600

Time, sec

I
700

AEROASSIST FLIGHT EXPERIMENT

Objective

To inyestigate critical vehicle design and environmental

technologies applicable to the design of aeroassisted

space transfer vehicles

:_ZL
=

= :
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AFE MISSION APPROACH

Accomplish the flight of an instrumented subscaled
ASTV to obtain nonequilibrium flow-field data to:

• Resolve radiative heating issue

• Determine wall catalysis effects

• Develop/demonstrate TPS materials

• Define wake flow, base heating

• Assess aerodynamics and control

• Provide CFD code verification data

VEHICLE AND INTERPLANETERY
TRAJECTORY ASSESSMENT

Vehicle Classes Studied

• Single vehicle Chemicaloption (CHEM)*

• Single vehicle nuclear thermal option (NTP)*

• Single vehicle nuclear electric option (NEP)

• Single vehicle solar electric option (SEP)

• Dual vehicle split option (CHEM/NEP)*

_..lnterplanetarY Trajectory Modes Studies

• Opposition class mission

• Direct transfer

• Use of Venus swingby*
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No. of
HLLV's

(200,000
Ib/launch)

LEO WEIGHT REQUIRED FOR VARIOUS
ALL PROPULSIVE MISSIONS

50

40

30

- o Single vehicle direct Chem option
[] Single vehicle swingby Chem option
<> Single vehicle NEP option, SEP option

O. z_ Single vehicle direct NTP option
- \_ v Single vehicle swingby NTPoption

__ _ Dual v_hicle split (Chem/NEP)option

\
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v.........Z::::_:"-"'"::....................._,..............

0 i I I
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Total manned trip time (includes 60 day Mars stay), years
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MANNED MARS MISSION STUDY

Present Investigations

• Focus on a single chemically propelled vehicle

• 12 year roundtrip

• 60 day Mars stopover

• Trajectory includes Venus swingby

• Feasibility of high energy aerobraking at both Earth and Mars

• Venus swingby analysis investigating the effect of a propulsive
maneuver at closest point of approach
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SINGLE VEHICLE CHEM OPTION

Effect of Swingby on Earth Entry Velocity
(Direct Versus Unpowered Venus Swingby)
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Altitude,
km

FLIGHT DOMAINS UNDER CONSIDERATION
IN AEROBRAKING STUDY

15O

100 -

50 -

0
2

Mars Earth return

aerobraking aerobraking
f._, _ __ _ -----

WJY 

/

/ I

J .... Code Z
nominal missions

I I I I I
4 6 8 10 12

Entry velocity, km/sec

1 I
14 16

LAUNCH OPPORTUNITY DEFINITION

Constraints

• Earth entry velocity limited to 12.5 km/sec

• No restriction on Mars entry velocity

• Efficient missions from a weight standpoint

• Minimum 40 day launch opportunity

• 7 windows over 15 year period were found
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LAUNCH OPPORTUNITIES

Transfer

mode

Direct

Inbound

Outbound

Constraints: a) Triptime 1-2 years

b) Wi/VY f < 50
C) Earth reentry velocity < 12.5 km/sec

d) Minimum 40 day launch window

I--I 1-1 '/2 year roundtrip

i 11/2-2 year roundtrip

146 90 171 70

ml r_

81 40 45

• 0 |

L I _ L. J _ _ e f _ J , , ,
2010 2012 2014 2016 2018 2020 2022 2024

Launch date

HIGH ENERGY AEROBRAKE CONFIGURATION STUDY

,, Use interplanetary data to generate conditions at atmospheric interface

,, 4 configurations under study

• Modified AFE shape, L/D = 0.28

• Slant-nose cylinder, L/D = 0.60

• Symmetric biconic, I_/D = 1.0

• Bent biconic, L/D = 1.5

• Include viscous aerodynamic effects

• Preliminary stagnation point heating (convec:tive and radiative) analysis

_= 201



LaRC GUIDANCE ACTIVITIES PROVIDE SYNERGISM
WITH HIGH-ENERGY AEROGBRAKING PROGRAM

HEAB Objective:

Onboard autonomous optimal guidance technology to support

high-energy aerobraking missions

LaRC/GCD Generic Guidance Thrust:

Onboard autonomous optimal guidance technology for

aeromaneuvering spacecraft

Benefits:

• Generic activities support aeromaneuver guidance technology

• Pathfinder program funds enable high-energy aerobraking focus

LJ
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HIGH-ENERGY AEROBRAKING PROGRAMMATIC
SYNERGISM

Pathfinder

Onboard Trajectory /
Optimization '_

Suboptimal Feedback ,'
Guidance

Robust Guidance i

LaRC/GCD Generic Thrus'
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HIGH-ENERGY AEROBRAKING

Out of House: Two Grants

• Robust suboptimal aerobraking guidance via singular perturbation theory

• Parallel sequential quadratic programming for online optimal control of
aerobraking trajectories

In-House:

• GN&C system studies for manned Mars mission; preliminary bank angle
control for entry

• Aerobraking applications primary focus for in-house guidance research

HIGH ENERGY AEROBRAKING- CURRENT STATUS

• Two grants have been initiated:

°

,=

2.

Robust suboptimal guidance with Georgia Tech is underway

Parallel sequential quadratic programming for optimal trajectories with
Comell will begin about February 1989

• Preliminary system studies of Mars entries for vehicles typical of 6 to 10
person manned mission have shown:

1. Variable bank angles implying an active guidance/control system are
required for capture

2. A capture entry flightpath angle window of greater then 1 degree is

possible for a typical manned Mars mission vehicle when bank angle
is variable
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EXPECTED RESULTS FROM HEAB STUDIES

Systems Studies

• Identify areas of manned Mars missions critical to GN&C design

• Establish error bounds to be used as targets for GN&C design

= :

If

w

lid

iJ

Grant Studies

• Develop techniques for real-time, adaptive GN&C

• Apply study results to develop near optimal HEAB GN&C

techniques that can operate autonomously in real-time

SUMMARY

• LaRC has experience in design of aerobraking vehicles

• Interplanetary trajectory analysis complete for various

propulsion systems

• Configuration analysis initiated for candidate vehicles

(L/D range from 0.3 ot 1.5)

• Guidance algorithm design initiated
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CURRENT STATUS/PLANS

• Improved LaRC analysis capability of planetary vehicles

• Completed initial assessment of planetary mission options

• Defined range of conditions for Earth and Mars entry interface

• Initiated high energy aerobrake concept definition activity
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LANGLEY COMPUTATIONAL AND

EXPERIMENTAL PROGRAMS

=

w

L--=

U

m===_

= -

Kenneth Sutton

Space _Systems Division

Langley Research Center

Presented To

High Energy Aerobraking Workshop

Ames Research Center

January 31 February 2, 1989

PAST AND CURRENT RESEARCH APPLICABLE

TO HIGH ENERGY AEROBRAKING

O ,_pollo, Fire, 50KEntrY

o Vikj0g

0 Pioneer Venus Probes

o Galileo Probe

o SO2P- Titan Aerobrake, Bent Biconic Configuration

o Shuttle Flight Data

o AOTV, AFE
Air Radiation Revisited

=
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AIR STAGNATION- POINT RADIATION WITH

MASS INJECTION

V -- 15.25km/s R = 3.05m Z = 61km
oo FI

O MOSS

[] Garrett
60-

A Sutton

q
r,w

MW / m 2

50-

o
40 -

30 -

20--

10--

0
0

o 0 _-Air

[]
A D

A

_4k--Carbon - Phenolic

o

I I I I
.1 .2 .3 .4

mw/m=,

U

W
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m

L_

IBBI

m
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I
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0
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HEATING RATES FOR PIONEER VENUS PROBES
5000 - 91-3 ATMOSPHERE

4000

30O0

20O0

0-I
8

W/cm 2

1000

SMALL
y = -67.40

I SMALL o

"f = "43.0
g LARGE

y = -33.8 °

r I

I, /i

] , ,
16

Time, s

-- RADIATIVE
----- CONVECTIVE

SMALL
¥ = -22.70

/I._. I I

2.4 32

RADIATIVE BLOCKAGE BY ABLATION PRODUCTS
........ _ _ PIONEER VENUS .................

LARGEPROBE

1.0 --

- _8

(IF

.6
((lr) rn = 0

.4

.2
0

O OOO
- tt

e_ n°o %ooa o %00

TIME. sec
0 17.3
o 18.0
O 18.4
r,, 18.9
A 19.4
• COUPLEDSOLUTION

I I I I

.2 .4

(pv) w' kg/m2 -s

.6 .8
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STAGNATION-POINT RADIATIVE

HEATING RATES IN CO2 + N2 AND AIR

104 --

RN=0._m

PW = 1.0 atm _"

T_ = 200 K ./'-

103 - ,/

_- 90% CO 2 + 10°/o N 2
102

/ /
/

_-- Air

/ _-- Air

I

101 I / I I I I
6 8 10 12 14 16

Voo, km/s

i

H

I

i

b]

mm

i

Rd

lid

m

r--

roll

VENUS ENTRY IBm

RADIATION OVER SPHERE-CONES, R n =

(a) V,= ,, 8.140k_s;

2,0

rt n

qwlqw, 0 1.o

o
o

n R

qwlqw.o

30 CM H
U

p. 3.294x10"3k_3; q R , 4.4_/m 2
w,0 . .

J

x H
/-o_- 4s"

I I I I I

1 2 3 4 5

SlRn
i

_) V,, • lt.175k_s; p - 2.8_x I0"3_3; q :,0- 35.5 _1m2

L0

oo.

= i i i i

0 1 2 3 4 5

81Rn U
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E
E

H
STAGNATION-POINT HEAT FLUX INCIDENT ON SURFACE

HEAT
FLUX.

MW/m2

40O

100

335-kgPROBE

RADIATIVE

_t - COUPLED_

WITH SPALLATION_WITHOUTSPALLATION

CONVECTIVE
_=0
r_= COt

35 40 45 50 55 60
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HEAT FLUX DISTRIBUTIONS FOR 335-kg PROBE
TIME= 49.13 sec
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HEAT
FLUX,
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BLOCKAGE OF CONTINUUH RADIATION FLUX

60 - s/R n = 2.1

40
SPECTRAL

RAD IATIVE

FLUX,

MW/m 2 - eV
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UNCLASSIFIED

MEASURED AND PREDICTED HEATING IN 10EAL AIR AND REAL AIR(U)

1t"1

:: 10-Z

m

HI"]
0

osO _ IOOF IrACILITY M R_, L p21P_ r=lrto2 m°_ - BENT BICONIC
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Ps/ Po_

LONGITUDINAL PRESSURE DISTRIBUTION

lO
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6

FOR BENT BICONIC; o=0 °

J._ MEASURED
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ENVELOPE OF MAXIMUM AND MINIMUM DENSITY RATIOS

-- PIP76

..... PMSIS/P76
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102

101

INTENSITY, 100

W/cm2-sr

I0-I

10"2

RADIATION DATA FROM FIRE ]I

_ HEAT SHIELD I --I-- 2 ,--;_ 3

-..'I" I_
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,-- ;_ :,
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,_ I L_..,_ __ / _ I I W,
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INTENSITY,

Wlcm2-sr

\
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PROGRAM LAURA

LANGLEY AEROTHERMODYNAMIC UPWIND

RELAXATION ALGORITHM

PHYSICS

3 - Dimensional Navier - Stokes Equations

Steady Or Unsteady Flow

Laminar (Turbulent Boundary Layer)

Chemical Nonequilibrium (11 Species, 2 Chemical Kinetic Models, Air)

Thermal Nonequilibrium (Two- Temperature Model)

Documented In NASA TP 2867

NUMERICS

Finite Volume, Roe's Averaging, STVD Limiters

Fluid Mechanics And Chemistry Strongly Coupled

Point Implicit Relaxation, Freeze Inverse Jacobian

Ideally Suited For Parrallel, Asynchronous Iteration Using Unstructured Grids
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HEAT TRANSFER PREDICTIONS WITH THE LAURA CODE

101

qw

. BTU

It 2. soc

lO 0

8 ° Sphere - Cone

r n = 2.5 in.
M=5 o_=0 °

1°2 I-- P0 " 127 Ib/in 2

| T O - 1245 °R

o Wind Tunnel Data

--LAURA (Axisymmetric)

_(3-O)

10"1
0

qw

eTU
It 2- sac

101

I I I I I I

1 2 3 4 5 6

$ Ir n

LAMINAR

103 I P0 " 1170 lb/in 2

T O - 1200°R

o Wlnd Tunnel Data

--LAURA (Axisymmelric)

102 _-

1oo
I I t I I I
1 2 3 4 5 6

sir n

TURBULENT

220



= =

_:=_

B

m

tea/

m

U

U

H

_,===

=,r===
=R=e

r--_

E_

r_

DIRECT SIMULATION MONTE CARLO (DSMC) METHOD

• Each Simulated Molecule Represents A Large Number Of
Real Molecules

• Position Coordinates And Velocity Components Stored In
The Computer

• Molecules Followed Simultaneously Through Representative
Intermolecular Collisions And Boundary Interactions

• Multicomponent Flow

• 3 - Dimensional Flow

• Thermodynamic And Chemical Nonequilibrium

• Radiation

• Steady Or Unsteady Flow

• Arbitrary Boundary Conditions Easily Implemented

TRANSLATIONAL TEMPERATURE CONTOURS
. FOR AFE FLOWFIELD

AIt = 120 km

".sx,mum
Ttr = 31,100 K--f_ t

30,000-_-_-I
_,ooo-_-_
 o,o0o-  
15,000-_
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CONVECTIVE HEATING DISTRIBUTION
AFE Aerobrake and carrier panel

25°I200 --_(_-_ --
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qc, 150I _ -7

 w,m ,ooV Carrier

50[ _, ,panel
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, Skirt , panel
___ _ \ ,_ =i l'
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AFE EXPERIMENTAL DATA BASE
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_ Forebody heating
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COMPARISON OF COMPUTED FLIGHT POINT PITCHING
MOMENT WITH COMPUTED TUNNEL RESULTS
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O CF 41
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SHOCK SHAPES AND SHOCK LAYER SONIC REGION

C_= -10 °

(x=O °

e.= 10°

IN THE AFE SYMMETRY PLANE
Helium at M = 21.5 Air at M = 10 CF4 at M = 6.29

Hamillon/WeilmuenstedAB/SSD

EFFECT OF DENSITY RATIO ON
PRESSURE DISTRIBUTIONS
Mach = 6 o¢=0° Re=o= 0.5x10 6/ft

Cp/Cp. ref

1.2 F _ =0 =, 180 °
L1.0

.8 i

i,
%6

Measured
Test gas M,, P2 / p_-

o Air 5.84 5.2

,__F4 6.24 12.0

__Sonlc'CF 4 "..... "_!£

- Sonic ai r /V
Predicted

__A'_ code)I"i
--" CF4 (Halls code) \'_

- Mo'd. NewtonLan _Skirt
Nose, lCone Conel_. ,

-.4 -.2 0 .2 .4 .6 .8 1.0

:= s/L
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COMPARISON OF CALCULATIONS OVER AN "EQUIVALENT

AXISYMMETRIC" AFE WITH WIND TUNNEL DATA
0_=0 °

.8
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0
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f !

M-6 i 2o-

qw' 0
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I 0
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o Experimental Data
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Heating Rates

WAKE REGION-HEAT TRANSFER STUDY

Free shear

227

I
1.2



w

PRESSURE

i i i i i i 1 r t

Gnoflo/AB/SSD

= =J

_B

U

,====
qlB

U

U

= =

ii

HEATING DISTRIBUTIONS FOR AFE STING
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EXPERIMENTAL AERODYNAMIC/AEROTHERMODYNAMIC DATA

BASE FOR HIGH ENERGY AEROBRAKING ('HEAB) CONCEPTS

CAPABILITIES

• PERSONNEL - EXPERIMENTALISTS OF EAB (INCLUDES PRESENT MANAGER/PRINCIPAL

INVESTIGATOR FOR AFE GROUND-BASED DATA BASE; PRINCIPAL INVESTIGATOR FOR MARS

SAMPLE RETURN MISSION CONCEPT STUDY):

• FACILITIES

,* LaIIC I._'IIFAR'f' PLAN WIND TLINt,EL (M-2 - 4.6, AIR)

• L__RC 20-INCH MACH 6 AIR TL_I',EL

• LsR<3 20-1i',IC.H MACH 6 CF4 TI.q_NEL

• leRC ,ql-NCH DLACH 10 AIR TL_J4EL

• LaRC 20-NCH MACH 13.5/17 NITROGEN TUNNEL

• LaRC 22-INCH MACH 20 HELU_ TUNNEL

r_ r',,, .,A._ E*.PANSIC'_,H TLSE (HE, AIR, CO2 TEST GASEo _, 16<U<23 KFT/S)

• AI.PJ T3 PISTON DRIVEN SHOCK TL,'f_IEL

• IJI/VERSITY OF QUEENSLAND T4 PISTON DIqlVEN SHOCK TLIt'II,EL

NOTE: EFFEC ]" OF t41GH I.IO.RMAI. SHOCK DEN,?,ITY RATIO ASPECT OF REAL GAS STUDIED VIA

IESTS ,_T 1,.,I-6 N AIR AI.iO CF4

i_E t,t_ ,3/' S EFFECTS, INCLUDIIJG SL_IF_,CE CATALYCITY, STL_IED WIT H tPGI tL '," II.ISTRI._4EIJTED

i'._II)EL.S VLA TESTS Ill (3ASL ET, AHU T3 AHD LIO T4

20-iNCH M-8 TUNNEL

ACILIYIE_
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LaRC HYPERSONIC FACILITIES COMPLEX

AGGREGATE OF CONVENTIONAL (NON-IMPULSE) HYPERSONIC TUNNELS PROVIDING A WIDE

RANGE OF MACH AND REYNOLDS NO.'S AND DENSITY RATIOS ('RATIOS OF SPECIFIC HEATS).

O RELATIVELY SMALL, ECONOMICAL, BLOWDOWN RESEARCH ORIENTED FACILITIES

FACILITY CHARACTERISTICS (LISTED FROM LEFT CORNER, MOVING CLOCKWISE)

TEST MACH R N /FT DENSITY NOZZLE NOZZLE TEST
FACILITY

GAS NO. -e RATIO TYPE SIZE, IN. CORE, IN.

x 10 .

HYP. CF4 FREON 14 8 .02 TO .7 12 ASC 20 DIA. 14

HIGH RN M=6 AIR 6 2 TO 45 5.3 ASC 12 DIA. 4-8

20 IN. M=6 AIR 8 .5 TO 9 5.3 2-D 20x20 14x14

31-1N. M=IO AIR 10 .2 TO 2 5.9 3-D 31x31 12x12

OPEN JET He. He. 17 3 4 CONICAL 20 DIA. " 8-10

HYP. He. He. 18 TO 22 2 TO 20 4 ASC 22 DIA. 8-10

HYP. N 2 N2 17 .2 TO .8 6.6 ASC 20 DIA. 8-10

M=8 VAR. DENS. AIR 8 .1 TO 10 5.8 ASC 18 DIA. 7-16

" AXIS SYMMETRIC CONTOUR

e* PILOT HYPERSONIC QUIET TUNNEL

GENERAL PLANS

HIGH - ENERGY AEROBRAKING

COMPUTATIONAL DATA BASE

Re- establish And Excercise Radiation Flowfield Codes
Used kinP_0r Piane(a_ En_y M_ssTdf__-_ _-: :

Transfer And Expand Knowledge From AFE Studies

Modify Existing Codes And/Or Develop New Codes

u
l

m

= =

W

I

W

J

u

J

B

u

u

• EXPERIMENTAL DATA BASE

- Parametric Studies Of Preliminary Concepts

- Optimize/Refine Characteristics For Most Promising Concepts

- Establish Data Base For Baseline Concepts
: : ::: ::

- CFD Code Calibration

INTERACT WI_H AND SUPPLY RESUT,TS _ SYSTEM
STUDIES
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SPECIFICS OF JSC'S
AEROBRAKING EFFORTS:

PAST, PRESENT AND PLANNED

23i
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JSC AEROBRAKING EFFORTS"
w

PAST, PRESENT AND FUTURE
m

i

JDG-1,2/1/89 w

J

PRESENTATION OVERVIEW
U

L _
W

• INTRODUCTION J. GAMBLE

• AFE D. CURRY

• MRSR J. GAMBLE

• GN&C G. MCSWAIN

• CFD - C. LI

• AEROTHERMODYNAMICS/TPS - D. CURRY

• CONCLUDING REMARKS - J. GAMBLE
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PAST EFFORTS
APPLICABLE TO AEROBRAKING

• APOLLO

- GN&C

• BASIC CONCEPTS EVOLVED INTO SHU3-FLE AND APE

- Definition of entry corridor using skip out
boundary, g limits and heating constraints

Use bank about velocity vector for trajectory
control

- Early part ofen!rY trajectory very similar to
aerocapture trajectory

AEROTHERMODYNAMICS AND THERMAL PROTECTION SYSTEMS

_Z_-_M-E_oDo_OG_DEVELOPED FC)R PREDICTING ABLATIVE
AEROTHERMAL ENVIRONMENT

• EXPERIMENTAL DATA BASE FOR ABLATIVE TPS AT LUNAR
RETURN VELOCITIES

JDG-3, 2/1/89

PAST EFFORTS CONT'D

SHU_LE .........

- GN&C

• S_MJ_RTO,APQLLO _,_ ,_:_._ ,

• H EATING CONST RA/NSTS _SIGNIFICANT DRIVE R

, AEROTHERMO_OYNAMICS AND THERMAL PROTECTION SYSTEM

• LARGEST AEROTHERMODYNAMICS TEST PROGRAM IN HISTORY

• EXTENSI__/-GhT_o FLiG_N_fDA3CA cOMPARISONS
IN ALTITUDE REGION OF INTEREST TO AEROBRAKING

• METHODOLOGY DEVELOPED FOR ANALYSIS OF REUSABLE
TPS AEROTHERMAL ENVIRONMENT

233
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APOLLO 4 ENTRY TRAJECTORY
SIMULATED LUNAR RETURN

ALTITUDE VERSUS RANGE TO GO JDG-5, 2/1/89

U

m

I

I

H

= =

i

I

L -

u

,<
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'__[iil'.]t_i_illit]!llt

,i'fi+ _i' li

!_!_!i_'l'!I Vi ;t!

N_,N:]

;!!'_'!_}!!}?"!!

'i .... i

,'!i',?!,!,!!',/,11'

C_oun4 ite_,,_4 lime, IK
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CONCLUDING REMARKS

• JSC HAS CONSIDERABLE EXPERIENCE IN ENTRY AND

AEROCAPTURE PROGRAMS (APOLLO, SHUTTLE, AFE).

GN&C
AERODYNAMICS

AEROTHERMODYNAMICS
TPS

• CONSIDERABLE RESOURCES ARE CURRENTLY BEING DEVOTED
TO AEROCAPTURE ACTIVITIES.

AFE - 23 MYE

MRSR - 7 MYE
PATHFINDER

• GN&C (AUTONOMOUS LANDING) - 2.5 MYE, $200K
• CFD/AEROTHERMO 1 MYE, $68K FY89
• TPS 1 MYE, $85K FY89

• STRONG INTEREST IN SUPPORT OF HEA IN ALL DISCIPLINE
AREAS

ADVANCED PROGRAMS OFFICE PERSONNEL
WORKING PATHFINDER

JOE GAMBLE -- MRSR COORDINATION FOR AEROSCIENCE BRANCH

CHRIS CERIMELE -- AERODYNAMICS AND FLIGHT MECHANICS

ROBERT ESS -- AERODYNAMICS AND FLIGHT MECHANICS
MA3-F ONDLER m AERODYNAMICS AND FLIGHT MECHANICS

i :

CHIEN LI -- COMPUTAT ONAL FLUID DYNAMICS CODE DEVELOPMENT
PHIL STUART m BICONIC BODY AND MARS ATMOSPHERE CFD
*JOHN MCGARY-- AFE AERODYNAMICS
"LUEN TAM -- AFE THERMAL NONEQUtLIBRIUM

CARL SCOTT -- NONEQUILIBRIUM CHEMISTRY AND CATALYSIS
EFFECTS ON HEATING, ARC JET DIAGNOSTICS

STEVE FITZGERALD-- ARC JET CFD
°SIVARAM AREPALLI -- ARC JET LASER DIAGNOSTICS

*BILL ROCHELLE -- RADIATIVE HEATING
CONVECTIVE HEATING IN MARS ATMOSPHERE

"PAUL TING ' CONVECTIVE HEATING IN MARS AT_4OSPHERE

"STEVE MUELLER _ CONVECTIVE HEATING IN MARS ATMOSPHERE

* = LOCKHEED ENGINEERING AND SCIENCE CO.

FY89

JDG-66, 231189
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High Energy Aerobraking Workshop
NASA Ames Research Center

January 31 - February 2, 1989

AFE AEROBRAKE TECHNOLOGY

Donald M. Curry
NASA Johnson Space Center

NgOO089X

AEROASSIST FLIGHT EXPERIMENT (AFE)

BACKGROUND

• AEROASSIST BRAKING SIGNIFICANTLY ENHANCES SPACE TRANSFER
VEH!CLE (STV) PERFORMANCE AS OPPOSED TO ALL-PROPULSIVE STV

• ALL NEW INITIATIVES (GEO, LUNAR, AND MARS) UTILIZE AEROBRAKING
STY AS A NECESSARY PART OF=THEIR MISSION PLAN

• _NI_STAN_iNG AEROTHERMODYNAMIC ENVIRONMENT IS CRITICAL
= TODESIGN OF LIGHTWEIGHT HEATSHIELDS FORAEROASSIST STV

• BASIC DESIGN QUESTIONS ARE NOW UNANSWERED; AN AEROASSIST
;_STV-_NNOT PRESENTLY BE DESIGNED WITH A MINIMUM WEIGHT,
'_ REU-_ABLE THERMAL PROTECTION SYSTEM WITHOUT AFE RESULTS

AFE OBJECTIVES .......... -

• TO-_TiGATE CR!TI _CA_YEH--ICLE DESIGN TECHNOLOGY ISSUES
:-- A_P_L_L-E _1"_OAEROASSIST VEHICLES

• PROVIDE CRITICAL AERODYNAMIC AND AEROTHERMODYNAMIC
ENVi_NMENTAL DATA THAT CANNOT BE SIMULATED IN GROUND
FACILITIES

• PROVIDEVERIFICATiON DATA OF EXPERIMENTAL AND
COMPUTATIONAL FLOWFIELD TECHNIQUES IN THE NONEQUILIBRIUM

_ CHEMISTRY FLIGHT REGIME
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ALTITUDE,
KM

EARTH TRAJECTORIES

140 -
-a- SHUTTLE

--'--BICONIC

120 --I-APOLLO I_

100 - --e- AFE _ J,
80 /

60 - -- - -1

40

20

0 I I
0 2 4 6 8 10 12

VELOCITY, KWS

NONEQU I L

I
14

6626. ART! t
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z
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I

TPS DESIGN AND FLIGHT TEST
ENVIRONMENTS

N

i- 0

)-.

Iz:

ZI02 =-

-I-

_-
=) o

_-101_

x 10 3
.c(

• AFE

i

0 X

&

IZ II
-- 3000 rn

-- 2500 _ o
0

- 2ooo'" u_

Z =_
O _..
L

- 1500
n_
w

or- p.
i I I IIl_II I I I i lilll I 1 I 11111

10 4 10 5 10 6

INTEGRATED HEAT LOAD, J/CM2

• AEROCAPTURE MARS A SHUTTLE DES IGN

SHUTTLE FLIGHT o AEROCAPTURE EARTH x APOLLO DESIGN

o VIKING FLIGHT • LANDER MARS
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NgO0091X

AFE TECHNOLOGY

ISSUE

• WALL CATALYSIS

• AEROPASS WEIGHT

• TILE TEMP SENSITIVITY

• TRAJECTORY SYNTHESIS

STATUS

• UNCERTAINTY IN WALL
CATALYSIS HAS BEEN REDUCED
BY RECENT STUDY
CONTRIBUTIONS FROM LaRC,
ARC AND JSC

• EFFECT OF WEIGHT INCREASE ON
TRAJECTORIES, ENVIRONMENTS;.
AND TILE TEMPERATURES HAS
BEEN STUDIED

e EFFE_SOFVARIOUS CHANGES
ON TILE RESPONSE BETTER

:: UNDERSTOOD

• EFFECTS OF TRAJECTORY
OPTIMIZATION HAS BEEN
STUDIED

Wall Catalysis
:: :::: :Z: : : LI :

: i _ i : :':
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MEASURED RECOMBINATION COEFFICIENTS
FOR FRCI-12 TILE

.1

- /,<

z .01 ---J--_---_ - _" .

<I[ ........

:_ ___ Xo
o

--J-_-- sTEWArT'
--- f_orr

.11111 .l a I i
1ooo 200O 3000

WALLTEMPERATURE('I:)

SURFACE REACTION RATE

COEFFICIENT "

_2nm
B - BOLTZMANN CONSTANT

M • MASS OF ATOM

C - WALL CATALYTIC FACTOR

- qc/qFC
• f (K, H, FLUID PROPERTIES)

H m HEAT RECOMBINATION

• A FULLY CATALYTIC WALL IS ONE THAT CAUSES ALL DISSOCIATED
ATOMS TO RECOMBINE AT THE SURFACE AND RELEASES CHEMICAL
ENERGY THAT RESULTS IN HIGHER HEAT TRANSFER

NgO0093X

HISTORY OF CATALYTIC WALL FACTOR

CATALYTICITY

OF WALL

1.0

0.8

0.6

0.4

0.2

0.60

PRELIMINARY

DESIGN

o.g5

0.73

0.63

I
I

t
|

sc0_ sl_'w_rs STL_W.mrS
CATALYTIC EQN. EC)N.

EQN. I_MIN( GUPTA'S

mJMPK (S.L) CODE
(S.L.)

FINAL DESIGN
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EFFECT OF CATALYTICITY ON STAGNATION
POINT TILE TEMPERATURES

32OO

_ 3100

U.I

I- 300O

e,,.
m

2900
::3
Cr
LU

z
_o2800
I-.-
<
5
_ 2700

I I
4100 LB AFE

RN = 8.3 FT

(_RAO = 8.07

I
FAY & RIDDELL

/
GUPTA O

(STEWART'S C)

/
/

BLIMPK (SL) - JSC

0.4 0.S 0.6 0.7 0.8

CATALYCITY-C

7_-f- (STEWARTS C)

__/_ VSL - JSC TILE LIMIT
7Ts3EW_.'_sci-

I ,
0,9 1.0

N_0_SX

AFE STAGNATIONPO!NT HEATING RATES
AT TIME OF MAX. HEATING (110 SEC)

IN 4100 LBTRAJECTORY

6O

.... MAXIMUM 40

HEATING

RATE, (_CONV

(BTU/FT**2/$EC) 20

10

.o°.°.
,o°.o°,
_o°.o..
°.° ....

_...o°,
_..°o.,
_..°°.,
°o°°o.,

.... o.,

.... ..,

.... °°,

.... °.,

.°..o°,

.... o°,
° ......
.... °.,

.... °°,

.... o°,

.... °°,

lliiii

FULLY SCOTT STEWART

CATALYTIC CATALYTIC CATALYTIC

MINIVER B/L

BLIMPK B/I.

BLIMPK _L

NON-

CATALYTIC
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Aeropass Weight i

u

g

J

u

Ng00097X

MAXIMUM

HEATING

RATE, Q

(BTU/FT* °

2/SEC)

AFE MAX HEATING RATE COMPONENTS
AT STAGNATION POINT _

U SIN G STEWARTC___iTY EQ S
WITH BLIMPK B/L ANALYSIS

50 -- _QRAD _QCONV

4O

30

20

10

0

QTOTAL

2734 LB 3500 LB 3700 LB 4100 LB
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AFE MAX.RADIATION EQUILIBRIUM SURFACE
TEMPERATURE AT STAGNATION PT
USING STEWART CATALYCITY EQS

2900

2800

MAX.
RADIATION 2700

EQUIL

TEMPERATURE, 2600
TRE('!:)

I _ 8LIMPK B/L

8LIMPK Sil.

2500

2400
2734 LB 3500 L8 3700 L8 4100 L8

N900099R

AFE MAX RADIATION EQUIL SURFACE TEMPERATURES
AT STAG PT

& B/L BLIMPK STEWART CAT WALL, RNOSE ,, 8.3 FT, EMISS = 0.85

2825

LEGEND

-" 2775 -- 13= SHOCK LAYER --
)-. O = BOUNDARY LAYER
ULI

._ 2750 ' ....
I-
<[
uJ 2725

_- 271111

2675

2650

O
¢u
Q 2625

26O0

/

/

/

./
/

/
/

L
f

J
J

/

/

J

/

,/
/

J

_ J
J

f

2700 2800 2900 3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000 4100

VEHICLE WEIGHT (LB)
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AFE MAX RADIATION EQUIL SURFACE TEMPERATURES
AT STAG PT

B/L FULLY & PARTIALLY CAT WALL, RNOSE = 8.3 IT, EMISS = 0.85

3OO0

_ 2950

_" 2900

_- 2850
<

281111
I,U

I--
M4

u
< 2750
u_

_ 271111
m

2650
4'

I I I I I
LEGEND J _

D = MINIVER FULLY CAT -- _._ _-

O = BLIMPK FULLY CAT ._______----- BLIMPK STEWART CAT__

2600

J

f

j/
J

J
J

i//

J S
J

2700 2800 2900 3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000 4100

VEHICLE WEIGHT (LB)

!

in=

u

U

U

L--

m

U

m

NgOO101X
u

I

Tile Temperature Sensitivity
M
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N900103X

RADIATION EQUILIBRIUM TEMPERATURES VS
HEATING RATE

70

6O

u 50IAI

i- 40
m

ec

z_ 30

uJ

2:

20
24O0

c = 0.85

S,NGLEM,SS,ON
_LEL,._
I

MULTI-MISSION

' _/TILE LIM

2600 2700 2800 2900 3000

PREDICTED RAD. EQ. TILE TEMPERATURES (OF)

AFE OVERTEMPERATURE
FRCI - 12 SHRINKAGE EVALUATION

0.04

0.03

0.02

0.01

0.00

SHRINKAGE, INCHES

::::::::::::::::::::::::
::::::::::::::::::::::::
::::::::::::::::::::::::

,.., ........... o°.,.,,°.

,.,,..o,o._o,..°° ..... °°
,.°,,,,,,o,.,,,,.,.,o,°,

::::::::::::::::::::::::
::::::::::::::::::::::::

::::::::::::::::::::::::

CONTROL,
2_0 F

_ SHRINKAGE IN 150 SECONDS

r

............. J ......

...... ,,_oo°.,°,--_,_.°,.,,,,._°,°.,.,o..,,,

........ • ,°°,,,,,,,,,,......... .,,,u.,oo,._,,
°,°.,.,,°o.,,,--.,_,,o,
........ ,°°,°_o,.,,°°°,
::::::::::::::::::::::::
........ ,,,o,,,o,,,,,o,
,.,,,°,,°,°.°s...,,,,,,

CONTROL,

2700 F

MATERIAL

|iiii_iiiiiiiiiiiiiiiiiil

CONTROL,

25OOF

245



um

N900104X

0.08

0.06

0.04

0.02

0.00

AFE OVER TEMPERATURE
RSI SHRINKAGE EVALUATION

SHRINKAGE, INCHES

SHRINKAGE IN300 SECONDS
,.°.,o+°,..oo,°,+.°

.... • ,,,,o.,.,.,+..
:::::3::::::3¢=33::
:31::::I¢¢::¢¢IIZ::
::::::::::::::¢11::

............_iiii_i_ili_
1::11_I13_I;I|III:1

1311|3|313g|II_|_!

....... +++++++++++++++++++
llii.iiiii!i+!!+i++++]iiiii++Mi+++HH+

o°°°°°°o+.°,.°,,°.o
°°.o.°°.° ..........

.... °°°o°°°,°**°°o,

°o° ................
.............. +....

°°°°° ..............

LI-2200, FRCI-12, LI-2200, FRCI-12,

2900 F 2900 F 2700 F 2700 F

MATERIAL

I

M

lib

: z

i

U

B

lira

m

Ngo01058

4100-LB AFE RAD. I:QUIL. SURFACE TEMPERATURES AT STAGNATION PT
USING BLIMPK PROG WITH STEWART CATALYCITY EQS FOR RN = 8.3 FT

I,Mu 2400

_= t

®_=_':__,, 2000 /_
-_ _ 1600

_g , oo

< /

"" 800 / NOTE:

2800 _ _ :
2700 _ "--'_'_"

LOW-TEMP

-! CAT.EQS

LOW-TENP

CAT. EQS

0 40

I TILE MULTIMISSION LIMIT...... , i

..-SHOCK LAYER ANALYSIS

'ROUND_,RY LAYER

\

\

I II I I I

SURFACE TEMP INCLUDES EFFECT OF CONVECTIVE

PLUS GAS- CAP RADIATIVE HEATING WITH (W = 0.8S
I i 1 I I l

80 120 160 200 240 280 320 360

ENTRY TIME, t(SEC)

246

g



m

F
L

w

=
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TOTAL, CONVECTIVE, AND GAS-CAP RADIATIVE HEATING AT STAG, PT.
OF AFE AS A FUNCTION OF NOSE RADIUS FOR 4100-LB VEHICLE

AT 110 SEC IN TRAJ

6o
I./
u.I

50
u..

I---
m

40

.0"

_ 3o

Z
_ 20

,T

lO

• _._. _ICON v

NOTE: ¢ICONV OBTAINED FROM BLIMPK _"

SHOCK LAYER ANALYSIS USING

STEWART CATALVCITY EQS

,_ -

.......... _IRAD

1 2 3 4 5 6 7 8

AFE NOSE RADIUS, RN (FI')

9

Ngoo107B

RAD. EQUIL SURFACE TEMPERATURE AT STAG. PT OF AFE AS A

FUNCTION OF NOSE RADIUS FOR 4100-LB VEHICLE AT 1 !0 SEC IN TRAJ

311111

v 3050

_ •

30oo

"_ o 2950

<l.-

< 2850
N.

28O0

\
\
\-

I
NOTE:

\

I I 1 I I
BLIMPK SHOCK LAYER ANALYSIS

USED WITH SURFACE TEMP BASED
ON SUM OF CONVECTIVE PLUS

GAS-CAP RADIATIVE HEATING WITH

(W = .85

PARTIALLY CATALYTIC USING

STEWART E0S

....J [ I

......... =:

2 3 4 5 6 7

AFE NOSE RADIUS, RN (FT)

B
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Trajectory Synthesis

N9001098

ALTITUDE AS A FUNCTION OF RELATIVE VELOCITY
2734LB, 3500LB, 3700LB AND 4100LB TRAJECTORIES

420

'°° il
380 i

_.o II .,
340

- O = 2734 LB
< 300 O = 3500 L8

t- = 4100 LB

280 _

o
240 "

24 25 26 27 28 29 30 31 32

RELATIVE VELOCITY. VR (KFT/SEC)

33
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ALTITUDE AS A FUNCTION OF RELATIVE VELOCITY
FOR 4100-LB TRAJECTORIES

420

,oo -.
380 LEGEND

Q ,, 4100-LB AFE TRAJ

0 "OPTIMIZED 4100-LB AFE
TRAJ ...360

E
_340

I.M

i 320 __

3OO

28O

.260

24o

24 25 26 27 28 29 30 31

RELATIVE VELOCITY, VR (KFT/SEC)

/

32 33
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AFE MAX. RADIATION EQUILIBRIUM SURFACE TEMPERATURE

AT STAG PT USING BLIMPK B/L PROG WITH STEWART CATALYCITY EQS

_r 2900 -

2800 -

MAX. 2700 -
RADIATION

EQUIL

TEMPERATURE,TRE('F) ii_ 25002600f

2400

:::1:_

!!Hii
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COMPARISON OF MAX. RAD EQUILIB TEMPERATURES
FOR 4100-LB AFE TRAJECTORIES

RADIATION

EQUILIBRIUM

TEMPERATURE,

TRE (°F)

3000

2900

2800

270O

2600
BLIMPK BLIMPK

FC* STC*

RN = 8.3' RN z 8.3'

4100-LB TRAJ

_ OPTIMIZED4100-LB TRAJ

H M
8LIMPK BLIMPK

STC* STC**

PRES DIS PRES DIS

* W/O GAS CAP RADIATION IN ITERATION FORCONVECTION
* *WITH GAS CAP RADIATION IN ITERATION FOR CONVECTION

N900113X

MAXIMUM RADIATION EQUILIBRIUM TEMPERATURES
FOR OPTIMIZED 4100-LB AFE TRAJECTORY NOMINAL

AND 3-SIGMA CASES

NOMINAL

_ 3-SIGMA

RADIATION

EQUILIBRIUM

TEMPERATURE,

TRE (°F)

2800

2700

2600

2500

2400

2300

2200
BP 100 BP 103

FRONT VIEW
_- BPl03

PIO0

BP 301
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AFE Technology Applied to
High Energy Aerobrakmng

N900115X

AEROA_IST TR_CTORIEs COMPARISON
PHYSICAl PROPERTIES, AERODYNAMICS. AND ENTRY CONDITIONS

WEIGHT (Ibs)

DIAMETER (ft)

AREA (ft2)

L/D

W/CDS(psf)

W/CLS (psf)

ALTITUDE (ft)

AF__eE
RETURN

4100 29 000

14 40

154 1257

0.28 0.28

20.3 17.6

71.8

4OOOOO

IN ERTIAL VELOCITY (fps) 33 830

FLT. P_ATH ANGLE (deg) -4.50

ATMOSPH ERE '62 STD.

29OO0

4O

1257

0.28

17.6

62.2 62.2

400 000 400 000

33 830 36 060

-4.50 -4.90

'76 STD. '76 STD.
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AEROBRAKE MAXIMUM HEATING RATE COMPARISONS
USING RIEDIROCHELLE RADIATION PROGRAM

MAXIMUM

HEATING

RATE, Q

(BTU/FT**2/SEC)

60

S0

40

30

20

10

0

['_ AFE/GEO

] AOTV/GEO

AOTV/LUNAR

m

_RAD QCONVFC 75" (_CONVNC
(_CONVFC

a

_TOTAL

m.,

R

W

W

i

.m

U

= ±

I

N900117B
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o
v

I,M
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I'-

<c

uJ
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,.J

O'
IJJ

O
<
0¢

SURFACE RAD EQUIL TEMPERATURES AT STAG PT
BLIMPK B/L & RIED/ROCHELLE GAS CAP RADIATION

2750 1
2500 _',,_'

• _ " LEGEND
,/ _ ..._ \ \,

2250

• // _ --- -40FTAOTV/I.UNAR_'_. " _ - 14 FT AFFJGEO
2000

/ "_. \. -- =40FTAOTV/GEO ,173o I \-,l

1soo - ._ _ \.

1250 - "_-"_ _-.,:,bY ,',,. ".\

10o0)_, ..._..._,..

7,0,
500 -....

250
0 S0 100 150 200 250 300 350 400 450

ENTRY TIME. T (SEC)

5OO

i

am

i

Fill

g

252



L_

_z
r_

=_

m

1

L.J

N900118X

RADIATION EQUILIBRIUM TEMPERATURES
WITH HEATING UNCERTAINTIES

2700

TEMPERATURE

F

2500

3300 ........................ --,-- ................. RCC ONE
MISSION

_ T1LE ONE

MISSION

,_ =:e.-. • _'.....::N.....i_......... :-

2100 _

AOTVIGEO AEE AOTVILUNAR

G _ n m m
CATALYSIS ORS METHOD RADIATION RS$

RCC MULTI

MISSION

TILE MULTI

MISSION

N900119X

CANDIDATE THERMAL PROTECTION MATERIALS

: 5000 --

4000 --

3000

MAXIMUM

TEMPER-

ATURE

2000

1000

INSULATIVE

t I
RADIATIVE

t 4000

3300

3000
2900

240O

1800

1200

i; ,.,,.ATIVE I
i

_ AFRSI HRSI FIBROUS

GEMINI CARBON (SHUTTLE (SHUTTLE RIGID

(AFTER- (SHUTTLE AFTER- FORE- CERAMICS

BODY) NOSE) BODY) BODY) (NEW

DEVELOP-

MENT)

S-3 AVCOAT

(GEMINI (APOLLO)

FORE-

BODY)
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FUTURE CHALLENGES FOR REUSABLE, RIGID,
FIBROUS CERAMICS LONG TERM

• STABLE, ADVANCED FIBERS THAT CAN BE USED IN A 3200-4000_: USE TEMPERATURE RFC

MATERIAL

• REQUIRED FIBER CHARACTERISTICS:

- LOWTHERMAL EXPANSION (3-8X10"7 IN/IN _)

- SMALL AVERAGE FIBER DIAMETER (1.S-3 MICRONS)

- HIGH MELTING POINT (4000-4500'T)

MODERATE TENSILE STRENGTH (150-220X103 LB/IN2)

LOW FIBER POROSITY TO ENHANCE STRENGTH

THERMAL STABILITY TO _200-4000_

• APPLICATIONS

PROGRAM

AOTV RETURNING FROM THE MOON

(SCALED UP AFE)

MARS AEROCAPTURE BI-CONIC VEHICLE

AEROASSIST ORBIT TRANSFER VEHICLE

RETURNING FROM MARS

(SIMILAR SHAPE AS AFE)

PEAK DESIGN TEMPERA TURE

3100-3200°F

3000-3400°F

3200-4000_F

ell

M

r_

U

Rim

J

N900121X

NON-WEIGHT FACTORS INFLUENCE TPS SELECTION

EVALUATION

CRITERIA

i
MATURITY

ABLATIVE

INSULATIVE

RSI

HIGH

RFC

EMERGING

METAL

HIGH

RADIATIVE

CARBON-
CARBON

HIGH HIGH

MAX USE TEMP 5000 °F 2800 "F 4000 °F 1800 °F 3500 °F

OUTGASSING HIGH INTERMEDIATE LOW NIL LOW
|ll

STRENGTH LOW LOW LOW HIGH INTERMEDIATE

OENSI'rY"_I_sF) 2.0-3 0 0.6-z.0 1.0-3.0 2.0-3.0 1.0-2.0

OXIDATION

RESISTANCE

• _rOMIC POOR GOOD [_ GOOD GOOD REQUIRES

• DIATOMIC LOW LOW HIGH HIGH COATING

SIZE LIMITS ' 'NONE 1 FT X 1 FT 2 FT X 6 FT t NONE S FT X 5 FT"

MAN-RATED YES YES NO YES YES

DAMAGE INTERMEDIATE LOW LOW HIGH INTERMEDIATE
TOLERANCE

REPAIRABILITY POSSIBLE POSSIBLE UNDEVELOPED YES POSSIBLE

MULTI-USE NO YES YES YES YES

REFURBISHMENT NO YES UNDEVELOPED YES UNKNOWN

LONG TERM UNKNOWN UNKNOWN UNKNOWN UNKNOWN UNKNOWN
SPACE EXPOSURE
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MarsRover Sample Return
Aerobraking Efforts

JOG-9, 2/1/89

PRESENTATION OUTLINE

• MRSR BACKGROUND

- LAUNCH CONFIGURATIONS
- MISSION DESCRIPTION

JSC AEROCAPTURE RESULTS

- L/D AND NAVIGATION REQUIREMENTS
- PRELIMINAR-_;OI_FIG U RAT-ibN .....

- AERO/AEROTHERMO CONSIDEFIATIONS
- ATMOSPHERE CONSIDERATIONS

• AEROCAPTURETECHNOLOGY SUMMARY

_L
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MRSR BACKGROUND
t

• MRSR PROJECTMANAGED BYJPL WiTH JSC PARTICIPATION

- JSC RESPONSIBLE FOR AEROCAPTURE, ENTRY AND LANDING
ELEMENT AND EARTH RETURN ELEMENT

- PRE PHASE A STUDY COMPLETED IN OCTOBER 1988

- PHASE A STUDY BEGINS IN MARCH 1989

• BASELINE MINION FOR PRE PHASE A WAS 1998 LAUNCH
OF _O SEPARATE VEHICLES USING AEROCAPTURE AT MARS

PHASE A MISSION MAY INCLUDE A 1996 LAUNCH OF MAPPING
ORBITER WITH 1998 AND 2001 LAUNCH OF ROVER AND
RETURN VEHICLES
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M_R conNgurlltion trsde IpICL

CONFIGURATION A
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CONFIGURATION C
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NASA-S-88-O0501

MISSION B2
EARTH TO MARS AND AEROCAPTURE

(HTV

JDG-_3, 2Jl_g

NASA-S-88-00502

.... _MISS!ON B2
'MARS LANDING AND ORBITAL OPERATIONS

JDG-14. 2/I/89
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NASA-S-88.-O0494

EARTH RETURN AND AEROCAPTURE

250 kJlt X 33800 kal 0R81T 500 km CIRCULAR

/

i "

JOG-15. 2/I/89
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L/D REQUIREMENTS

MARS AEROCAPTURE ENTRY CORRIDORS DEFINED FOR MRSR
RANGE OF APPROACH VELOCITIES (6.0 - 6.7 km/s
AT 125 km alt).

- OPEN LOOP CORRIDOR BASED ON SKIP OUT AND
MAXIMUM g LOADS.

- MODIFIED AFE CLOSED LOOP GUIDANCE USED TO
VERIFY CORRIDOR CAPABILITY AND TO EVALUATE
PERFORMANCE.

O USES BANK ABOUT VELOCITY VECTOR FOR CONTROL.
o CONCEPT SIMILAR TO APOLLO AND SHUTTLE GUIDANCE.

EARTH RETURN AEROCAPTURE VELOCITY SLIGHTLY GREATER

THAN APOLLO LUNAR RETURN (APPROXIMATELY 12 km/s
AT 125 km alt).

JOG-16, 2/1/89
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MRSR OPEN LOOP AEROCAPTURE CORRIDOR

' " ' " ' I ' ' " ' I
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IJO
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AEROCAPTURE CORRIDOR WIDTH

CIRCULAR ORBIT (500 KM)

IJO

Z59

-----0---

3.0

CAPllJRIELIMIT

tO9't

7.S g•i

I g'l

IJ g'l

SO0k,m

• .II00 lu'n

INITIALVELOCITY. 4.7

LP..OA- t112 KO,-t_

JOG.17,2/1/89
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lOg'I

VELOCITY., $.7 KFNS

JDG-iS, 2/1/89



AEROCAPTURE CORRIDOR WIDTH

l SOL ORBIT (33800 KM)

0.0

, ,', , I , , _ , i , , _ , i , , _ , | , ,, ,

0.| !.0 I .S |.0

L_

2.s9"*

$ so',

_-- 7.so',

1og's

VELOCITY= 6.7

JDG-19, 2/I/89
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EFFECT OF BALLISTIC COEFFICtENT
ON CORRIDOR WIDTH
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S74 kglm2

156 kglm2
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TYPICALMARS AEROCAPTURETRAJECTORYFOR LJD ,-
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JOG-21,2/1/89

MARS APPROACH NAVIGATION

RADIOMETRIC NAVIGATION USING DSN WILL. PR_E
MARS APPROACH ACCURACY IN FLIGHT PATH ANGLE OF
APPROXIMATELY +/- 2 DEGREES.

ADDITION OF OPTICAL N_V]GAT!ON USING SIGHTINGS
ON PHOBOS AND DEMOS IMPROVES ACCURACY TO
APPROXIMATELY +/- 0.5 DEGREE.

261
JDG-22, 2/1/89



Summary of :3 $1gml Fllghl-l:_th.angle Error

JDG-23.2/1/89

MRSR AEROCAPTURE CONFIGURATION

CONFIGURATIONS WITH I.JD OF 0.3 TO2,4 WERE
CONSIDERED DURING THE PRE PHASE A STUDY.

COMPROMISE BETWEEN IJD REQUIREMENTS AND PACKAGING
CONSIDERATIONS LED TO CHOICE OF L/D OF 0,6 TO 1.0.

A SYMMETRIC. B!CONIC WAS CHOSEN AS THE BASELINE
AEROCAPTURE CONFIGURATION.

BASE DIAMETER OF 15 I='1"BASED ON TITAN IV PAYLOAD
FAIRING.

- CONE ANGLES OF 4 AND 23.9 DEGREES BASED ON FAIRING,
L/D AND PACKAGING CONSIDERATIONS.

- NOSE RADIUS OF 1.0 F'I"FOR HIGHER L/D. LARGER RADIUS
DESIRABLE FOR PACKAGING.

JDG-24, 2./1189
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ConllllurJtlon deNnitlon.

JDG-25, 2/I/89

launch mass - 6.481 kg

aeroshell length - 8.59 m
aerocJptute e.g. • 53.9%
entry c.g. - 53.5%
e.g. for27 deg alpha ,,54.22%
Ixx - 9,060 kg-m2
lyy ,, 20,047 kg-m2
Izz- 20,874 kg-m2

LANDER

\ ---_._t i i | [ I ] I I

0 I _ 2 3 4

Scale-meter AEROSHELL

ComllrUrsUon Di _ _ view.

JDG-26, 2/1/89
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Conl. DI _real depio¥ed I_dm'.
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launch reals • 6.457 kg

aeroihetl length - 8.08 m
terocipture e.g. • 56.6%
entry C.Q. • 48.2%
c.g, for27 dig alpha - 54.8% t
Ixx. 7.17S kg.ml /_,,,"_
lyy - 19.564 kg-m2 //_r.-_,_

AEROSHEL

MAV /

_ i i i I i' "i

0 1 2

Scale- meter

LANDER

I I !
3 4 E.RV/SRC/RDM

ConJ_lruriUon Ot AID Ikll ttliw.

J_-28, 2/!/89
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SEGMENT

LANDED PAYLOAD

LANDED MASS

MASS AT CHUTE
DEPLOY

ENTRY MASS

INJECTED MASS

LAUNCH MASS

MASS, KG
01 81 Ol B2 B2
LOCAL AJD AREAL HEAVY AREAL
2151 1862 2978 1820 1162

3002 2519 .3829 2760 1978

4216 3787 5122 3761 2854

4442 4049 5566 4313 3356

4955 6215 6208 6219 5009

5173 6457 6481 6467 5207

B1
A/P
1862

2519

3789

4051

6349

6595

SUMM/kR¥ OF CONrlOURA'PION

JDG-29, 2/I/89

EARTH RETURN CONFIGURATIONS

E --
F

I

BOTH AEROCAPTURE AND DIRECT ENTRY ARE BEING

CONSIDERED FOR THE.SAMPLE=RETURN CAPSULE,

TWO L/D CONFIGURATIONS WERE CONSIDERED FOR

THE SAMPLE RETURN CAPSULE.

o 0:3 IJD SCALED DOWN APOLLO CAPSULE,
- 1.OLJD SYMMETR[CAL:B/-C-ON_. - -

APOLLO CONFIGURATION WAS SELECTED AS BASELINE.

- PERFORMANCE APPEARS ADEQUATE FOR MRSR REQUIREMENTS.

MRSR RETURN COND!TIQN_ILAR TO APOLLO LUNAR RETURN.
- EARLY PART OF LUNAR RE T_URN TRAJ SIMILAR TO AEROCAPTURE

SUBSTANTIAL AERO AND AEROTHERMO DATA BASE EXISTS.

_ _; ....

JDG-30, 2/1/89
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140 F

col I I I I I
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I I 1 I

-I

0 _O0 200

I I I
4O0 iO0

TIME, eeo

t
coo

_orth return nomlnol trajectory - oorobrokin|.

JDG-32. 2/I/89
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TIME. coo
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_llrLh return nominal trllJect_ry • smrobcakin|.

Weight : 32g kg (725 Ibs)

W/CDA. 9e.3 kg/rn2 (20.1 psf)

A • 2.54 m2 {27.4 ft2)

UD = 0.3

©

!.......I.........1
Scale- meter

Direct enCr_r 8RiO side v_w,
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I

Weight - 329 kg (72S Ibs)

W/CDA - 191.1 kglm2 (39.0 psf)

A=, 2.54 m2 ( .4 ft2) __UD - 1.0 ,

+ =--_I -_t _i

=T d ' l I I l : :1 I

i 1

Bi¢onit simile riiurn cepsulo.

l

R

JDG-38, 2/1/89
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MRSR AERODYNAMICS CONSIDERATIONS

LONGITUDINAL AND I._,TERAL DIRECTIONAL STABILITY
CHARACTERISTICS FAVOR HIGHER ANGLE OF ATTACK
FOR BICONIC AEROCAPTURE CONFIGURATION.

CG PACKAGING CONSIDERATIONS ALSO FAVOR HIGHER
ANGLE OF ATTACK.

LOWER BALLISTIC COEFFICIENT AT HIGHER ANGLE OF
ATTACK RESULTS IN LOWER HEATING RATE, BUT MAY
INCREASE TOTAL HEAT LOAD.

MARS THIN ATMOSPHERE RESULTS IN REQUIREMENT FOR PARACHUTE
DEPLOYMENT AT MACH 2-3, SO SUBSONIC AND TRANSONIC
AERODYNAMICS ARE NOT A CONCERN FOR MRSR.

- PRELIMINARY AERODYNAMIC DESIGN HAS BEEN BASED
ON NEWTONIAN AERODYNAMICS.

- BICONIC AERO CHARACTERISTICS IN THE MACH 2-5
RANGE STILL NEED PRELIMINARY ANALYSIS.

JDG-39. 2/I189
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_- 0.00
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SIDESLIP ANGLE (DEG)

_rsl-dtrectlonltl stability.

27t

X CG =-t7.3 FT.
Z CG _, - 0.0 FT.

_ALPHA•0 I

"'_'_ ALPHA = 10. I

--'w-'-ALPHA = 20. I

--'-'e'--- ALPHA = 30. I

----.e---- ALPHA = 40.J
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AEROTHERMO/TPS CONSIDERATIONS

• LOW MARS APPROACH VELOCITY AND RELATIVELY SMALL VEHICLE

SIZE RESULT IN FAIRLY BENIGN AEROTHERMAL ENVIRONMENT.

• EFFECT OF CO2 ATMOSPHERE HAS TO BE DETERMINED.

• SMALL MASS MARGINS FOR MRSR EMPHASIZE NEED TO
MINIMIZE TPS AND STRUCTURAL MASS.

PRELIMINARY RESULTS INDICATE POTENTIAL FOR TAILORING
AEROCAPTURE TRAJECTORY TO MAINTAIN LAMINAR BOUNDARY

LAYER. TPS MASS SAVINGS OF 200+ kg.

r_

z
k,.
,<

- USE OF COMPOSITE MATERIALS FOR AEROSHELL STRUCTURE

OFFER POTENTIAL FOR 400 kg OR MORE MASS SAVINGS.

DISSIPATION OF RTG HEAT (10-12 kw) DURING AEROCAPTURE
AND ENTRY IS A MAJOR CONCERN. MAINTAINING SAMPLE AT
- 40 DEGREES DURING EARTH RETURN AND AEROCAPTURE IS
A CONCERN.

JOG-45, 2/1/89
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TPS COMP

AeLATOR

CONIC FRCI

TG- 15000 ANO MLI

Preliminary TPS deaien I'ordirect e4rth anbry.
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_Trade Option:

For RTG under consideration,
thermal control heat re_ection
techniques will be required.

Passive VS Active
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LMSC.F2235_6

MATERIAL

AL-6061-T6

BE-38-AL

TI-6AL-4V

50V/Ce
_o_1AL

TOTAL

8_3

5466

5175

4962

PAYLOAD

4855

4855

4855

4855

728 257 19

610 218 15

/ 320 1131, 8106 38 ,3

(or $ (3 En¢ry Load"Cue (mattes i= idloiF;m;)Mm Summer,/

I PIL
SKIN ISt,_pOR 1

292 161

245 135

128 70

I 43 23

MATERIAL

AL-6061-T6

BE-38-AL

_-SAL-4V

80V/_
60_A_

TOTAL PAYLOAD STRUCTURE

8844 4855 1789

6356 4855 1501

5642 I 4855 787

Mau Summer/ for 10 O Enlry

,81 P/LRINGS sTRINGER SKIN SUPPOR'

964 81 292 473

809 51 245 396
-. | i, .... ,

424 27 I 126 208

261 141 9 I 43 69

Load C,s= (mau=i l= kilo..ms)

MARS ATMOSPHERE CONSIDERATIONS

JDG-61, 2/I/89

UNCERTAINTyI _ MARS ATMOSPHERIC DENSITY CHARACTERISTICS
IS A CONCERN.

- SEASONAL AND LATITUDINAL VARIATIONS
- EFFECTS OF GRAVITY WAVES, DENSITY GRADIENTS
- EFFECT OF DUST STORMS

• BOTH VIKING ENTRY TRAJE_CTORYS SHOWED SIGNIFICANT
WAVE STRUCTURE IN THE ATMOSPHERE

• DENSITY GRADIENTS ARE A CONCERN FOR AFE

• MARS OBSERVER WILL BE oBTAINING ATMOSPHERIC DATA

• SOME SUPPORT FOR ADDITIONAL ATMOSPHERIC MEASUREMENTS

• PRELIMINARY MARS ATMOSPHERE MODEL FOR MRSR HAS BEEN
DOCUMENTED - PITTS, POLLACK, TILLMAN, ZUREK, STEWART

JDG_2,2/l_9
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MRSR.TECHNOLOGY REQUIREMENTS SUMMARY

• DEVELOPMENT OF OPTICAL NAVIGATION FOR MARS APPROACH

• DEVELOPMENT OF BOUNDARY LAYER TRANSISTION CRITERIA
FOR MARS AEROCAPTURE

• AEROTHERMO ANALYSIS FOR AEROCAPTURE IN MARS ATMOSPHERE

• LIGHTWEIGHT THERMAL PROTECTION SYSTEMS INCLUDING
PROTECTION OF COMPOSITE STRUCTURES MATERIALS

• DEVELOPMENT OF THERMAL CONTROL SYSTEM FOR CONTROLLING
RTG HEAT DURING AEROCAPTURE AND ENTRY

• ACCURATE DEFINITION OF MARS ATMOSPHERE INCLUDING
DENSITY GRADIENTS

,t

JOG-65, _1/8g
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GM 2/1/89

HISTORY

PAST TO PRESENT
PROGRAMS

•APOLLO LUNAR RETURN

•SHUTTLE ORBITER ENTRY

•AEROASSIST FLIGHT EXPERIMENT

STUDIES

. ORBITAL TRANSFER VEHICLE

• MARS ROVER SAMPLE RETURN

285
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BACKGROUND

ORGANIZATIONS EXPERTISE

• JSC INHOUSE

ADVANCED PROGRAMS OFFICE

AVIONICS SYSTEMS DIVISION

MISSION PLANNING & ANALYSIS DIVISION

• LOCKHEED

• MDAC

• CSDL

• NAVIGATION ACCURACY

• NAVIGATION TECHNIQUES

• AUTONOMOUS NAVIGATION

• GUIDANCE DESIGN

• CONTROL SYSTEM DESIGN

• INTEGRATED GN&C DESIGN

& ANALYSIS

• MISSION PLANNING

• RENDEZVOUS

• ANALYSIS TOOLS

• VERIFICATION TOOLS

• FAULT TOLERANT
PROCESSOR DESIGN

GM 2/1/89

JSC'S ROLE. IN DEVELOPING
GN&C FOR AEROASSIST FLIGHT EXPERIMENT

" JSC IS DEVELOPING THE SOFTWARE GUIDANCE AND NAVIGATION REQUIREMENTS FOR

ALL PHASES OF AFE FLIGHT

• STILL CONSIDERING THREE GUIDANCE ALGORITHMS FOR AEROBRAKING:

• NUMERICAL PREDICTOR CORRECTOR

• ENERGY CONTROLLER

• ANALYTICAL PREDICTOR CORRECTOR

• NAVIGATION A KEY PROBLEM

• AVOID EXPENSE OF STAR TRACKER ON AFE

• MAINTAIN SMALL ERROR IN ENTRY I/F FLIGHT PATH (UNKNOWN ERROR < .04 DEG)

• REFERENCE MISSION DESIGN

• MONTE CARLO ANALYSIS

• INTEGRATED GN&C ANALYSIS

• SUPPORT VERIFICATION OF INTEGRATED SYSTEM

GM2/1/89
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PLANNED FY89 AFE GN&C ACTIVITIES

• PRELIMINARY DESIGN REVIEW- SPRING 1989

, RELEASE SOFTWARE REQUIREMENTS DOCUMENT FOR REVIEW

- BASELINE AEROBRAKING GUIDANCE

• STAR ALIGN MANEUVER

• USE ORBITER STAR TRACKER TO FiNE ALIGN AFE IN PAYLOAD

BAY

• REFINE GN&C DESIGN FOR CDR IN FALL 1990

OPTICALNAVIGATION DUR!NG MARS APPROACH

GM 2/1/89

12

24

OPTIMAL APPROACH GEOMETRY

6

_Deimoshr_ S

GM 2/1/89
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JSC PLANNED FY 89 MRSR ACTIVITIES

• MARS AEROCAPTURE

:. • REFINE CONFIGURATION

• CFD RESULTS _: .... ,

- NAVIGATION PERFORMANCE

• INTEGRATION OF AEROCAPTURE AND ENTRY REQUIREMENTS

• RISK ASSESSMENT & TECHNOLOGY READINESS

• EARTH AEROCAPTURE FOR MARS RETURN

• GNC CONCEPTUAL DESIGN

• CFD RESULTS

• RISK ASSESSMENT & TECHNOLOGY READINESS

289
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AEROBRAKING GN&C ISSUES

• NAVIGATION ACCURACY FOR AEROCAPTURE

• ATMOSPHERIC UNCERTAINTY

• AUTONOMOUS GN&C

• ONBOARD OPTICAL NAVIGATION

• RETARGETING

• FAULT TOLERANCE SYSTEMS

CONCLUDING REMARKS

GM 2/1/89

• GOOD KNOWLEDGE BASE EXISTS FOR AEROBRAKING GN&C

• AEROCAPTURE STUDIES DATE BACK TO 1960'S

• MARS SAMPLE RETURN FY88 STUDY

• AEROASSIST FLIGHT EXPERIMENT PROGRAM

• CHALLENGING WORK TO BE DONE

• NAVIGATION ACCURACY AND ATMOSPHERIC

UNCERTAINTIES

• ROBUST AUTONOMOUS GN&C

U

290
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NUMERICAL SIMULATION OF

AEROBRAKE FLOWFIELD AT JSC

Objectives

• present experiences and current status

• participate ina joint effort to provide vehicle

aerodynamics and heating environment;

• select body configurations and free stream

condition s representative of Mars and Earth

entry flight; ........

• identify problems areas and sharing data for

comparisons.
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Capabilities of JSC CFD Codes

• iterative solution of the Navier-Stokes or Eu-

ler equations

• inert-gas wind-tunnel environment - air, freon,

helium, etc

• air-equilibrium model

, thermal equilibrium and chemical nonequi-

librium model

• two-temperature model

F_

U

_m

uw

R

==

L_
l

w

m
I

_m

J

Validation and Prediction of Shock-Layer Flowfield

Examples

• 70 deg cone - Viking aeroshell

• 60 deg cone - AFE aerobrake

• biconic cone - MRSR JSC study

• Shuttle Orbiter

Issues

• Grid resolution

• Physical modeling

• Transport properties and reaction rates

• Geometrical constraint

W
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rlgure 1. Forebody of a fiat-faced cylinder, Viking

Aeroshell, and AFE vehicle.

O

d

Figure 8. Comparisons of heat-transfer distributions

at. _ = 0 and 20 deg with Mach 6 wind-tunnel data.
/

/

LEGEND I

[] = DATA AOA=O
o = DATA AOA=20
" = CALCULATION AOA=O
+ = CALCULATION AOA=20

..... I I ..... I
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Figure1I. Comparison of AFE computation and wind-

tunnel pressure and heat-transfer data.
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Sensitivity of flowfield to modeling and reaction rates
. o

TMAX: 165.638

Vv

,I

Ell'ecru; of gas models on pressure and heating
t
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Wall catalytical effects on pressure and heating
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Figure 6.10 Comparison of flowfield results obtained us-

ing exact and simplified transport coefficients.

[] Sutherland's formula; C) Chapman-Enskog's theory.
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4100 LB _'E CONVECTIVE HEATING RATES AROUND AFE PITCH PLANE
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'Comparison of shock shape with data

Wind tunnel
shock locations

MRSR aerocapture
CFD

Mach 5.997
Alpha 27 deg
Air

• : : : :_ Nav!er-SiokesSolution
..... 45 x_J x 29 grid

1200 iterations
CFL 2.

Ma c-I:{i_lu-mbe r Contours
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Figure 6.14 Effects of gas models on a blunt cone flow-

field at 40 deg angle of attack.

[] equilibrium; 0 nonequilibrium; /k frozen.
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Figure 7.3 Viscous chemical nonequilibrium flow over

the Orbiter forebody.

[] top; O bottom.
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Heat-transfer distributions
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Figure 8.2 Mach 22 flow over a swept-wing vehicle at

a=40 deg using chemical nonequilibrium model.
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Wake Flowfield

• Viking vehicle with different aftbodies

• AFE vehicle with various base configurations

Issues

• Base flow effects on aerodynamics

• Shear-layer impingement on aftbody

• AFE experiment support

AFE flowfield in wind-tunnel environment

U

H

N

(a) l:5omach

(c) lsoLherm T/Too
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AFE wall pressures at a = -i0, -5, 0, 5, 10 deg
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Heat-transfer distributions on the fore- and aftbody

N
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Chemical reactive flow around the AFE vehicle
mmg
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FY89 Plan on High-Energy Aerobrake Flow Studies

• continue code validation for a biconic cone at

wind-tunnel conditions

• incorporate C02 thermodynamic properties

at chemical equilibrium into VRAFT code,

or

• perform chemically reactive C02 flowfield com-

putation for a biconic cone

• collect or develop Mollier-type and mixture-

rule for thermodynamic and transport prop-
erties
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PATHFINDER AEROTHERMODYNAMICS

AT

JOHNSON SPACE CENTER

CARL D. SCOTT
ADVANCED PROGRAMS OFFICE

PREPARED FOR THE
HIGH ENERGY AEROBRAKING WORKSHOP

NASA AMES RESEARCH CENTER

January 31-February 2, 1989

CDS 1/24/89

PLANNED MRSR AEROTHERMODYNAMICS

STAGNATION POINT

. NONEQUILIBIUM VISCOUS SHOCK LAYER

• MARS ATMOSPHERE

° NON-CATALYTIC AND FULLY CATALYTIC

TWO LAYER METHOD -WHOLE BODY

• REACTING EULER SOLUTION WITH MARS ATMOSPHERE

• BOUNDARY LAYER WITH REACTING MARS ATMOSPHERE

• FINITE RATE CATALYSIS AS DATA BECOMES AVAILABLE

• COUPLING VIA A STREAMLINE CODE

° BICONIC GEOMETRY

305
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MARSATMOSPHERE

Ar"--_-'_,-5_,,,e[=_,:__--0_-o --O- O-o-- e-o--o,_ o

X\\ 8,

-8
I I "" I I ! I

-7 -6 -5 -4 -3 -2 -1

Ioglo(p_ Rn, kg/m2)

V=., km/s

• 3
o 4

n 5
n 6
• 7

AEROBRAKING RADIATION STUDIES

ENTRY INTO EARTH

• EMPIRICALLY BASED METHOD OF RIED & ROCHELLE

• LINE BY LINE BASED NONEQUILIBRIUM METHOD OF PARK (NEQAIR)

,STREAMTUBE NONEQUILIBRIUM FLOW WITH BAN_D (STEP) MODEL OF CARLSON

307
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CAS CAP RAD_'I1VE HEA'TNG RATE FOR EARTH ENTRY FROM MARS
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ARC JET FLOW FIELD AND DIAGNOSTICS
AT JSC

ARC JET FLOW FIELDS STATUS

• EMPLOYEE HIRED TO DO CFD FOR ARC JET FLOW

.PHASEDAPPROACH

• INITIAL CODE
• EQUILIBRIUM CONSTRICTOR
.AXISYMMETRIC

• FROZEN NOZZLEEXPANSION

• ULTIMATE CODE
• AXISSYMETRIC WITH SWIRL - POSSIBLY FULL 3-D
• REACTING FLOW THROUGHOUT

• TURBULENCE MODELED
• SEP*ARATEDFLOW
• MULTI-TEMPERATURE GAS MODEL

• MHD EFFECTS IN EQUATIONS
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ARC JET FLOW FIELD AND DIAGNOSTICS

AT JSC

DIAGNOSTICS

• SPECTROSCOPIC EMISSION STUDIES
• VIBRATIONAL AND ROTATIONAL TEMPERATURES
• EXCITED STATE POPULATIONS
• LiNE OF SIGHTAND LIMITED SPATIAL RESOLUTION

• HIGH RESOLUTION CAPABILITY
• TIME RESOLVED STUDIES

• RING DYE LASER STUDIES (DOPPLER)
• VELOC1METRY
• TRANSLATIONAL TEMPERATURE

• FEASlBIUTY DEMONSTRATED AT PHYSICAL SCIENCES, INC.

• PULSED YAG PUMPED DYE LASER STUDIES
• INSTALLATION CURRENTLY UNDERWAY

• RAMAN STUDIES

• LASER INDUCED FLUORESCENCE
• POSSIBLE FOR ANAEMOMETRY

CDS 1/24t89

ARC JET SPECTROSCOPIC DIAGNOSTICS

DIFFUSER

91

I SHOCK A;, IS

.... LAYER

MOTION

BLUNT

I BODY
L__

,___ITR'PLEMATE 1
!__ S.ECTROMETERHCONTROq

XLDA DETECTOR [

FLOW

_- TOARC HEATER
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MEASURED AND COMPUTED N2(1ST POS.)
IN ARC JET

2OOO

jo. J,Jm,
0

Figure 13.- Measured spectrum of N2(1 + ) between

500 nm and 800 nm at 2.5 ¢m position.

15

10 ,

500 550 600 650 700 750 800

wave_m (rim)

Figure 14.- ComputedN2spec_um at.Tr = 6400 K
and T_ = 4500 K.

POSSIBLE DISTRIBUTION OF STATES
BASED ON ARC JET SPECTRAL OBSERVATIONS

IN SHOCK LAYER

Nv'/No = RELATIVE POPULATION OF UPPER
LOWEST VIBRATIONAL LEVEL v' = 0

Tc > Tb
SLOPE WOULD INDICATE

VERY HIGH TEMPERATURE

Tb, T.

i "1I

1

I I

2 3 4

VIBRATIONAL LEVEL, v°
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Cu Doppler Absorbdon

Tilt= 1528 K

2 4 4_ I I0 12 14

Scan Frequency(GI-h)

3Z';4 t_

(_'/.) ¢a,'/J

HIGH ENERGY AEROBRAKING - FY 89 ACTIVITIES
AEROTHERMODYNAMICS AND THERMAL PROTECTION SYSTEM

•DEVELOP AEROTHERMAL ENVIRONMENTS FOR MARS ENTRY AND
EARTH RETURN VEHICLES

• TWO-LAYER METHOD USING BLIMPK - CONVECTIVE HEATING
• RIED/ROCHELLE PROGRAM - RADIATIVE HEATING

• VEHICLE DEFINITION STUDY
• GEOMETRY - NOSE RADIUS
• TRAJECTORY
• HEATING DISTRIBUTION

•THERMAL PROTECTION SYS_M DESIGN USING EXISTING ANALYSES
• MATERIAL DISTRIBUTION
• MATERIAL RESPONSE

• ASSESS TPS TECHNOLOGY DEVELOPMENT REQUIREMENTS

• DEVELOP AND EMPLOY ARC FLOW DIAGNOSTICS TOOLS
• EXPERIMENTAL LASER AND SPECTRAL TECHNIQUES
• COMPUTATIONAL PREDICTIVE TECHNIQUES

DMC & COS 1/24,'89
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r SPECIFICS OF JPL'S
" AEROBRAKING EFFORTS:
- PAST, PRESENT AND PLANNED
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GLJ ! DANCE, NAVIGATION, AND CONTROL OF t'_I-I'I'IJR[_

AEROMANEUVERING VEHICLES

l_._(_'l.'h,l'l" WORK PERFORMED WITHIN CAST CONTROt,S AND

GUIDANCE PROGRAM

LINCOLN J. WOOD

1 FEBRUARY 1989

JI_IT PROPULSION LABORATORY

(:ALIFORNIA INSTITUTE OF TECHNOLO(:Y

PASADENA, CALIFORNIA 91109
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GI/IDANCE, NAVIGATION, AND CONTROL OF FUTURE

AEROMAN EUVERING VEHICLES

OBJECTIVE

DEVELOP AND VALIDATE HIGH--PERFORMANCE, ADAPTIVE,

COST--SAVING GN&C CONCEPTS i_OR FUTURE

AEROMANEUVERING VEHICLES

FYB8 PRODUCTS

O OPTIMAL TRAJECTORIES FOR

AEROMANEUVERING PLANE

C}[ANGES

O SIMPLE, NEAR--OPTIMAL, ONBOARD

GUIDANCE FOR AEROMANEUVERING

PLANE CHANGES

O coNTRoL LAWS FOR BANK ANGLE

COMMAND FOLLOWING

O G(JIDANCE AND NAVIGATION

A [,GORITHMS FOR

A EROMANEUVERING ENTRY TO

LANDING

FY89 PLANNED ACCOMPLISHMENTS

0 OPTIMAL TRAJECTORY

CHARACTERISTICS FOR NEW PLANE

CHANGE SCENARIOS

O ADAPTIVE CONTROL LAWS FOR

SYNERGETIC PLANE CHANGES

O IMPROVED GUIDANCE AND

NAVIGATION TECHNIQUES FOR

AEROCAPTURE AND

AEROMANEUVERING ENTRY TO

I.AN DING SCENARIOS

APPILICATION_

i PAYOFF5

INCnEASEO CAPABILITY

AOAPIIVE TO OFF NOMINAl. CONDITIONS

FUEL OPItMAIL FILIGlll

INCRFA._Er) AUTONOMY AN{) MISSION

FL_XfBIILITY ,,

lr,.IW-- 1
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GUIDANCE, NAVIGATION AND CONTROL
OF FUTURE AEROMANEUVERING VEHICLES

[II liT[ __ • .

ACCOMPLISHMENTS: GOALS:

eMARS LANDING APPII.ICATIONS • Am,m,'_J eArC"RATE TRAJECTORY

• OEVELOPEO GUIOANCE SCHEME / neh_rr'lllUl "-_;_,vn_. iu /ANnlNn ANO

AND NAVIGATION FILTER _/" COMMUNICATIONS _)_I_I',rncVI_A_G_E A_JPLTCATIONS

• INTEGRATED ABOVE INTO _ _ _ ORBITER

By--Tee _._O..*NCE _T,,_"_ *.eLAxeo.eOUmUENrSo.
e SYNERGETIC PLANE CHANGE _r _ C:::] £::} r'-] e--_ ¢::3 c= c:_ VEHICLE DIESIGNIIN FLIGHT

A_.m._T]ONS _ SAnSFACTION OF CONSTRAINTS
• OEVELOPEO SIMPt.E NEAR- '_._ = eAUTONOMOUS, FAULT-TOLERANT

OPTIMAL ONOOARO __ GN&C IMPLEMENTATION

GUIO_NCIE STRATEGIES FOR

LARGE PLANE CHANGES _

• OETERM1NED OPTIMAl % _._= .,=,L.

TRAJEC'troRy CHARACTERIS- _ .,/t.eP_l_ I.IPlh

T_'_ FOR MULll- % _ ,

REVOLUTION PLANE _L/k _- ". i .'"

CltANGES ' _ " ,_,_.(__

" BICONIC ""_-rL,
_ /ENTRY / _ "',.

___. _ /VEHICLE ""

S,=_ _" _ _" '_. ,,_ "

"'-..
.,J ATMOSPHERE _ ,_

#/_pJ-- BOUNDARY " _ % %%%%,

(.D

O

O

O

JP|.

O

O

O

PARTICIPANTS DURING FY88

- : _- :_

[_[NCOLN jr. WOOD TASK LEADER AND COGNIZANT
S UPERVZSOR POR GUIDANCE AND NAVIGATION

%@_I,LIAM H. HcE_,]EANE_m " -- GUIDANCE AND

- NAVIGATION

DF]RMETRIOS BOUSSALIS -- CONTROL SYS'FEMS

FATTIF[ A. McCREARY -- GUIDANCE AND NAVIGA'FION

0 _H;e{Y H Jr. WANG -- COGNIZANT SUPERVISOR FOR

_QNTRQL S y S_ T 1_18

UNIVERSITY OF MICHIGAN -- PROFESSOR NGUYr_N X.

V IFNIFI (T RAJr ECTORY OPTIMIZATION)

UNIVERSITY OF TEXAS AT AUSTIN -- PRO__ESSORS

DAVID G. HULL AND JrASON 5, SPEYER (GUIDANCE)

r%IC_ [YNiV_R$_TY -- ANGEL_)-MIELE (TRAJrECTORY

OPTIMTZATION )

UNrVERSITY OF NOTI_I_. DAME -- P. J. ANTSAKLIS

(CONTROL SYSTEMS)
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FY88 PRODUCTS

OPTIMAL TRAJECTORY CHARACTERISTICS FOR

AF:ROMANEUVERING PLANE CHANGES

0 MAXIMUM PLANE CHANGE AT CONSTANT AI.TIT_IDE

FOR GIVEN FUEL EXPENDITURE

o RPP_ED AND ANGLE OF ATTACK HELD CONSTANT

IN, PREVIOUS WORK

0 WITH SPEED AND ANGLE OF ATTACK ALLOWED "FO

VARY

0 MAXIMUM PLANE CHANGE INCREASES,

ESPECIALLY AT HIGH ALTITUDES

0 OPTIMUM SPEED QUITE CLOSE TO CONSTANT

0 M UL'FI--REVOLUTION VS SINGLE--REVOLUTION PI_AN D=

(_HANGES

O SAME PLANE CHANGE PRODUCED EITHER WAY,

FOR GIVEN SPEED DEPLETION

0 OPTIMAL TIME HISTORIES OF LIFT COEFFICIENT,

BANK ANGLE, ALTITUDE, AND VELOCITY

DETERMINED FOR MULTI--REVOLUTION CASE

L_

U

=_

_m

u

m

D

0

FY88 PRODUCTS (CONTINUED)

0

0

NEAR--OPTIMAL ONBOARD GUIDANCE FOR

AEROMANEUVERING PLANE CHANGES

COMPUTATION OF TRUE OPTIMAL TRAJECTORIES

"FO0 COMPLEX AND TIME CONSUMING TO PERFORM

ONBOARD IN REAL TIME

S[MPLE, NEAR--OPTIMAL GUIDANCE LOGIC

DEVELOPED IN FY88 FOR PLANE CHANGE

AP P LICATIONS

0 FINAL VELOCITY MAXIMIZED WHILE MEEq'ING

CONSTRAINTS ON FINAL ALTITUDE, FLIGHT PATH

ANGLE, AND HEADING

0 HAMILTON--JACOBI--BELLMAN EQUATION OF

OPTIMAL CONTROL THEORY EXPANDED TN SMALL

PARAMETER (RATIO OF ATMOSPHERIC SCALE

HEIGHT TO RADIUS OF PLANET)

0 ZEROTH--ORDER SOLUTION SOLVABLE IN

CLOSED FORM

0 FIRST--ORDER SOLUTION SOLVAB[,E BY

QUADRATURE INTEGRATION, WHICH IS

FEASIBLE ONBOARD

0 RESULTS MUCH CLOSER TO OPTIMUM THAN

USING LOH'S APPROXIMATION
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FY88 PRODUCTS (CONTINUED)

NEAR--OPTIMAL ONBOARD GUIDANCE FOR

AEROMANEUVERING PLANE CHANGES (CONTINUED)

30 Degree Plane Change

|LD

_. 0. . ,m

-I Y=---

40 Degree Plane Change

Z.M

ll_dinll Anllle ('Psi)

O

FY88 PRODUCTS (CONTINUED}

V_:F[iC[_E CONTROL ON AN ATMOSPHERIC SKIP

'[_ F_A J ECTOR_

O AT'FITUDE CONTROL LAWS DEVELOPED FOR

TRACKING A REFERENCE ANGLE OF ATTACK AND/OR

BAN_ AN_ _r,_v_rA_D_ .......... _ ...............

BASED ON DIRECT HATCHING OF PARAM E'I" ERS "1" ¢--)

"['RACK A DRAG VS SPEED PROFILE

O _ODEL RgPEI:;_ENC_ _A'D-A_:_'_'-IVE CONTROL LAW

O cONq'ROL LAW PERFORMANCE EVAL. UATED VIA

S IP_J LATION

C_-2TRACKING OF ":XLTI-_DI_--[-IOLD BANK _.[_GLE

COMMAND : : ......

0

O EVALUATION OVER ENTIRE SKIP TRAJECTORY

ARe_IITECTU[_E _O? l:l_ggr_l:I_Ar_, INTELLIGENT

(DO_qT RO L SYSTEM DEVELOPED FOR AUTONOMOUS

()PI_:RATION OF AEROMANEUVERING VEHICLES AI-.ONG
SKIP TRAJECTORIES
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F¥88 PRODUCTS (CONTINUED)

GIJIDANCE AND NAVIGATION ALGORITHMS FOR

AI_ROFIANEUVERING ENTRY TO LANDING

O SO_'q'WARE SYSTEM FOR SIMULATING ENTRY AN[_

[_ANDING OF AEROMANEUVERING VEHICLE WAS

DESIGNED, BUILT, TESTED AND RUN

O SYS'I'EM SIMULATES ACTUAL VEHICLE Sq'A'FE AND

ONBOARD COMPUTATIONS SEPARATELY; ONBOARD

C()MP UTATIONS SIMULATED INCLUDE:

O SEVERAL NAVIGATION OPTIONS

O ACCELEROMETER AND GYRO DATA PLIIS

RELATIVE RANGE TO AN ORBITER OR VEHICLE

ON SURFACE

O SIMPLE INTEGRATION OF ACCELEROME'[_ER

DATA OR 13--STATE NAVIGATION FILT_]R

O GUIDANCE BASED ON SHUTTLE ALGORITHMS .BU'F

WITH NUMEROUS MODIFICATIONS

O CONTROL DELAYS BUILT INTO SYSTEM THRO[IG[{

CONSTRAINTS ON MAXIMUM ALLOWABLE ROLL

RATE AND ACCELERATION

FY88 PRODUCTS (CONTINUED)

Gt) [DANCE AND NAVIGATION ALGORITHMS FOR

Ab]ROMANEUVERING ENTRY TO LANDING (CONTINUED)

O S IM [JLATION USED TO GENERATE LANDING ERRORS

/%T MARS :

O ERROR SOURCES INCLUDE

O INITIAL STATE KNOWLEDGE AND CON'I'ROL

ERRORS

O ATMOSPHERIC UNCERTAINTIES

O IMU ERRORS

O RANGING ERRORS

O STATE ERRORS OF VEHICLES USED FOR

RELATIVE RANGING

0 RESULTS GENERATED FOR DESCENT FROM 500 km

ORBIT BY BICONIC VEHICLE WITH L/D: I.S

O 3-- _i_ma LANDING ERRORS

O VARY FROM 1.3 km (RANGING TO VE}[IC [_E [)N
SURFACE)

O TO 9 km (IMU INTEGRATION ONLY)

O ARE DOMINATED BY KNOWLEDGE ERRORS

O WERE ON THE ORDER OF 110 km BY {50 kln

FOR VIKING

() SPEEDS AT PARACHUTE DEPLOYMEN'F RANGE

FROM 0.38 km/sec TO 0.66 km/sec
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FY87 PRODUCTS

S'rArF[ •] ES'['IMATION AND PARAMETER IDENI_I F[CA'I'ION

DtJI_ING A EROCA P'r U RE

0 AE[+ODYNAMIC FORCE ON AEROCAPTURE VEIl[CA,I+:

IMPRECISELY l{NOWS

0 A'rMOSP[|ERIC DENSITY/AERODYNAMIC

COEFFICI ENI"S UNCERTAIN

O SN'r RY CONDITIONS UNCERTAIN

0 "l'WO NAVIGATIONAL APPROACHES COMPARED

(3 CONVENTIONAL INERTIA|_ NAT I GATION --

ÁNT EGRATE MEASURED ACCI_ 1+ ERA'I"[ON S "r()

OB'PAIN VELOCITY AND POSITION

0 EXTENDED INERTIA[. NAVIGATION

0 _dOD EL AERODYNAMIC FORCES IN TERMS I-) |.-'

DRAG & LIFT COEFFICIENTS, DENSITY

MULTIPLIER & INVERSE SCALE HEIGHt"

c) USE SENSOR DATA IN ONBOARD I'rERATI_:I)

[_X'rENI) ED I{ALMAN FILTER TO ESq'IMA'l'l__:

POSI'_'ION, VELOCITY, AND 4 PARAME'L'EI]S

[) _:X_I" I_:N I) El) I N ER'['IAL NAVIGATION APPROAO[I L'_O l# N l)

O PROD[JOE MUOI[ MORE ACCURATE ESTIMATES ()[_"

POSITION AND VELOCITY

{_ 13: S'PI g A'I" E AERODYNAMIC PARAMETERS [J S g_- _" tJ l_

I_'() R (I [1[ DANCE LAW IMPLEMENTATION

,."J AC_COMOI)ATE RELAI"TVELY T_ARGE I[3NC['_'_R'rAIN'I'I I_IS

IN EN'FRY CONDITIONS, ESPECIALLY WI'I'II

AI) DITION OF ALTIMETRY DATA

l..JW

FY87 PRODUCTS (CONTINUED)

OR[I[;I'A[_ CHANGES DURING HYPERSONIC AEROCRU]SE

0 GENERAL TI|EORY DEVELOPED FOR ORBITAL PLAN[_

CI-IANGES DURING AEROCRUISE MANEUVER

( C ON S "rAN.T ALTITUDE, VELOCITY)

0 APPROACH .......

0 "r IJRN ANALYZED IN LOCAL FRAME -- VELOCITY,

ALTITUDE, ANGLE OF ATTACK, T}IRUS'r C[IOSEN

TO MAXIMIZE TURN ANGLE FOR FIXED

PROPELLANT EXPENDITURE

0 COORDINAT_ TRANSFoE%MATrON YIELDS CHANGES

IN ORBITAL ELEMEN'rS RELATIVE TO

EQUATORIAL FRAME

0 OPTIMAL LOCATIONS FOR MANEUVERS FOUND

o C}TANGE INCLINATION AT NODAL CROSSING

O PERFORM NODAL CHANGE AT INCLINATION--

DEPENDEN T LOCATION (AT APEX ONLY FOR
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FY87 PRODUCTS (CONTINUED)

OPTIMA[_ TRAJECTORIES FOR AEROASSISTED

NONCOPLANAR ORBITAL TRANSFER

O EXTENSION OF EARLIER WORK ON FUEL

MINIMIZATION WITHOUT CONSTRAINT ON HEATING

RATE

O DIFFERENT PERFORMANCE INDICES INVESTIGATED

O MINIMIZE FUEL CONSUMPTION

O MINIMIZE MAXIMUM HEATING RATE

O MINIMIZE _'dt

O DIFFERENT ORBIT TRANSFERS INVESTIGATED

O I--IMPULSE, 2--IMImULSE DEORBIT MANEUVERS

O THREE INITIAL ORBIT RADII

o MINIMIZATION OF_M'dt FOUND TO WORK BEST

O GOOD TRADEOFF BETWEEN MINIMIZING FUEL AN[-)

MINIMIZING MAXIMUM HEATING RATE

O ENTER AI"MOSPHERE DEEP ENOUGH TO q'URN

EFFECTIVELY, BUT NO DEEPER

U

U

m

_-==_

J

O

O

O

FY87 PRODUCTS (CONTINUED)

VEIIICI_G CONTROL ON AN ATMOSPHERIC SKIP
"I" RAJ ECTORY

O TIIREE--AXIS MODEL OF VEHICLE ATTITUDE
I)YNAMICS DEVELOPED

O q_WO ATTITUDE CONTROL LAWS DEVELOPED FO[{

"[_ SAC [{ING A REFERENCE BANK ANGLE COMMAND

I) [J RING CONSTANT--ALTITUDE FLIGHT

O NONADAPTIVE SHUTTLE--LIKE P--D CONTROL LAW

O DIRECT MATCHING OF PARAMETERS TO TRAC[{
DRAG VS SPEED PROFILE

O GAINS RELATED TO UNCERTAIN PARAMETERS

O MODEL--REFERENCE ADAPTIVE CONTROL

CONTROL LAW PERFORMANCE EVALUATED VIA
SIMULATION

O BOTH SCHEMES PERFORM WELL IN TRACKING

A I_TITUDE--[IOLD BANK ANGLE COMMAND

O ONLY ONE SEGMENT OF SKIP TRAJECTOEY

ST [YDIED, I{OW EVER; NONADAPTIVE CONTROL LAW

MAY PERFORM LESS WELL ON OTHER

TRAJECTORY SEGMENTS

PRELIMINARY CONCEPTS OF HIERARCHICAL

[N'FELLIGEN'F CONTROL SYSTEM STRUCTURE
[)EFINED
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FY89 PLANNED ACCOMPLISHMENTS

() CONTINUATION OF UNIVERSITY RESEARCH

0 NEAR--OPTIMAL ONBOARD GUIDANCE FOR

AEROMANEUVERING PLANE CHANGES

0 OP'FIMAL SYNERGETIO PLANE CHANGES IN

AEROCRUISE MODE

0 OPTIMAL AEROASSISTED TRANSFER BETWEEN

NONCOPLANAR ELLIPTICAL ORBITS

0 HIERARCHICAL INTELLIGENT CONTROL SYSTEMS

0 A'FTITUDE CONTROL OF A HYPERSONIC VEHICLE

0 ADAPTIVE CONTROL LAWS FOR SYNERGETIC PLANE

CHANGE

0 ONBOARD ESTIMATION OF CONTROL--RELATED

PARAMETERS

0 DEVELOPMENT OF IMPROVED GUIDANCE AND

NAVIGATION TECHNIQUES AND ALGORITHMS

0 FOR DESCENT FROM PLANETARY ORBIT TO SURFACIE

0 FOR PLANETARY AEROCAPTURE

0

0

0

GUIDANCE, NAVIGATION, AND CONTROL OF FUTURE

AEROMANEUVERING VEHICLES

S UMMARY

OBJECTIVE: DEVELOP AND VALIDATE tIIGH--
PERFORMANCE, ADAPTIVE, INTEGRATED

GN_C CONC_PT_OR _UTURE

AEROMAN E UVI_RING VEHICLES

APPROAC[{: APPLY ADVANCED THEORETICAL TOOl. S TO

DEVELOP EFFICIENT AND RELIABLE CJN&C

ALGORITHMS

VALIDATE ALGORITHMS FOR SPECIFIC

APPLICATIONS

FY88 ACCOMPLISHMENTS:

O OPTIMAL TRAJ__Y O.ARACTE_ISTICS FOR

AEROMANEUVEIqiNG PLANE CHANGES DETERMINED

O SIMPLE, NEAR--OPTIMAL. ONBOARD GUIDANCE I.OGIC

FOR AEROMANEUVERING PLANE CHANGES DEVEI_OP h:I)
AND TESTED

O VEIIICLE CONTROL LAW FOR ATMOSPHERIC SKIP

"CRAJ ECI"ORY UNDER DEVELOPMENT

O GUIDANCE AND NAV*6_T3[ON ALGORITHMS FOR

AEROMANRUVERING ENT_TO LANDIN_ DEVELOPEI)

AND TESTED

0 5 CONFERENCE PAPERS PRESENTED

0 8 JO[JRNAL ARTICLES PUBLISHED; I IN PRESS
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JPL

MARS ROVER SAMPLE RETURN MISSION

NAVIGATION STUDIES PERFORMED DURING FY 88

LINCOLN J- WOOD

1 FEBRUARY 1989

lET PROPULSION LABORATORY

CALI?ORNIA INSTITUTE OF TECHNOLOGY

PASADENA, CALIFORNIA 91109

APPROACII-PtIASE NAVIGATION

• Navigatiml errors on, al,proach to Mars evaluated for various combinmtio.s of data
types, data accuracies, and data processizLg techniques.

• Earth-based radio Lracki.g:

• Yields 3-sigma error in entry flight path angle of 1.8 deg for scenario inves-
tigal.cd versus req,ireme,t of 0.5 deg.

* l,imitcd by lVlars ephemeris error and solar radiation pressure uncerLainlty --
some improvemettt possible.

• Optical data pl,s radio tracking:

• Yiehls 3-sigma error in entry llight path .'ungle of 0.5 deg for scenario i.ves-

tlgated, consistent with requiremetd..
• Limited by resolution of imagi.g syst,em and satellite el_hcmcris crrrors,

325
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JPL

ORBIT-PIIASE NAVIGATION

• Navigation errors while in orl,it about Mars evaluated for various coml,imttions

of orbit sizes and geometries, data accuracies, aaid data processing techniques.

• RSS position .ncert.'finty at l)eriapsis 24 hr ahead less than 0.2 km for 1-sol

retrograde orbit, after several (lays of tracking.

• Similar position uncertaiuty 24 hr ahead obtained for 463-km circular orbit,

• Uueertai.ty i,l Martian gravity field a major limiting factor.

• Res.lts obtained ,x_mned only (lol,l,ler ,[ata -- additional data types may be

needed for singular geometries.

LJW/W/vlM

JPL

ENTltY-PIIASE GUIDANCE, NAVIGATION AND CONTROL

• S.ftware system h}r simulating an aeromaaeuvering vehicle Mars entry mid ];md-

ing was designed, l,t,ilt, tesLc(I and run.

• System Sillil|littes a(:tu;d vehicle state axtd ouboard computations sel)aratcly. ()it-

board computations simulated include:

• Navigation using accclerometer and gyro data plus relative range to an ()r-

biter or vehicle on surface.

• Guidan(:c I)a.sed on shuttle algorithms bi,t with mtmerous modiii(:aLio.s.

• Control delays built into systcm through constraints on maximum allowable
roll rate al|(I a(:cclcratiom

326
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JPL

EN'rRY-PIIASE GUIDANCE, NAVIGATION AND CONTROL (cont.)

• Simulation used to generate hmding errors.

• Error sources:

initial state knowledge and control errors

atmosl)heric errors

IMU errors

ranging errors

state errors of tile vehicles _tsed for relative ranging

• Results generated for descent from 500 kill orbit by biconfic vehicle wil.h
L/D=I.S

• Combined knlowlcdge and control landing errors (3 sigma) range from 1.3
km (rangiikg to vehicle on re,trace) to 9 km (IMU integration only), with
knowledge erl'ors domiaating.

• Speeds at parachute (leployment range from 0.38 km/sec to 0,66 km/sec.

L,]WIWMM
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HIGH--ENERGY AEROBRAKING ELEMENT OF PROJECT

PATHFINDER

GUIDANCE, NAVIGATION, AND CONTROL ACTIVITIES

PLANNED FOR FY 89

LINCOLN J. WOOD

I FEBRUARY 1989

U

=

JET PROPULSION LABORATORY

CALIFORNIA INSTITUTE OF TECHNOLOGY

PASADENA, CALIFORNIA 91109

F{I GH--EN ERGY AEROBRAKING ELEMENT OF PATHFINDER

() 0 B,/EC_r [VES OF JPL GUIDANCE, NAVIGATION, AND

CON'rRO L TASKS

0 DEV EI_OP TECHNIQUES FOR DESIGNING NOMINAL

A'I'MOS PHERIC TRAJECTORIES THAT

O SATISFY SPECIFIED END CONDITIONS

0 MINIMIZE PROPELLANT CONSUMPTION

0 MEET HEATING RATE AND OTHER CONSTRAIN'F_,

O ARE RELATIVELY INSENSITIVE TO CHANGES IN

FLIGHT CONDITIONS

0 DD_,VELOP AND COMPARE ONBOARD, REAL--TIME

A'l"gO_ PHERIC NAVIGATION APPROACHES EMP[,[)YING

ALTERNATIVE ESTIMATION ALGORITHMS AND

MEASUREMENT TYPES: DEVELOP AND COMPARE

PERFORMANCE OF VARIOUS ONBOARD, CLOSED--LOOP,

ADAPTIVE ATMOSPHERIC GUIDANCE SCHEMES

0 ASSESS P[_ANETARY APPROACH GUIDANCE AND

NAVIGATION ACC[_RACIES FOR VARIOUS

NAVIGATIONAL DATA TYPES, DATA PROCESSING

SCENARIOS, AND MANEUVER STRATEGIES

0 PLANNED FY89 ACCOMPLISHMENTS FOR JPL GUIDANCE,

NAVIGATION, AND CONTROL TASKS

0 PRELIMINARY SOFTWARE FOR REFERENCE

ATMOSPHERIC TRAJECTORy DESIGN

O PRELIMINARY DEVELOPMENT OF ALTERNATIVE REAL--

TIME NAVIGATION SCHEMES

0 PRE I_,IMINARY ASSESSMENT OF APPROACH GUIDAN(PE

AND NAVIGATION ACCURACIES

329 TF N QNAH,.XBI ANI
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JPL

GUIDANCE, NAVIGATION AND CONTROL OF FUTURE
AEROMANEUVERING VEHICLES

DETAIL OF WORK PERFORMED AT JPL WITHIN OAST
CONTROLS AND GUIDANCE PROGRAM

William M. MeEneaney

I February 1989

JPL

JPL In-llouse efforts in 1988

* Aeromanouvering landing study.

. Near optimal onboard guidance for aeromaneuvering plane change.
i

331 rAa..2.2_o.mTtN'nOa_tW_N_
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JPL

Aeromaneuvering Landing Study

• Development of simulation for study of aeromaneuvering flight from entry to

parachute deployment.

• Simulation propagates actual spacecraft state and on-board estimate separately.

This allows the combined effects of both Guidance and Navigation errors to be

studied.

• Error sources:

initial state knowledge and control errors

atmospheric errors

IMU errors

ranging errors

state errors of the vehicles used for relative ranging

W

w

W

l

U

U

SIMULATION FLOW CIIART

TRUE STATE ESTIMATED STATE

YI- i

l__
AERODYNAMIC

ACCELERA1 IONS

D.L

1
ACTiJ--_-LI

DYNAMICSq

t
YTi, I

I G'UIDANCE l,

I°

I SENSOR
b MODELS

t MEASUnEMiNTS 1__

NAVlGATION-_

l
YEij I
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GUIDANCE

* Guidance scheme similar to Shuttle.

* Bank angle modulation used for both in-plane and ol/t-of-plane control.
. cousta,R angle of attack

* Shuttle used ban k angle for primary coutroi, angle of attack for short period
control.

• Nominal drag versns speed profile used for in-plane control.

* Drag profile can be designed to stay within boundaries defined 1)y constraints
sl,ch a.s maximum allowable dynamic pressure and stagnatiou heating rate.

• Can integrate (Irag profile to determine range to termination.

0.003

z

I---
<
cE
LU
..../
uJ

0

121

%

REI_I{ESIqN'I'ATIVE I)RAG I)IIOI;'II,E

i ! _ I ' 1

-/
CONSTANT _k

ORAG ....../\
EQUILIBRIUM 1/

GLIDE

1 j [ _ I___
1 2 3

SPEED, KM/SEC
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DOWNRANGE GUIDANCE

• Three segment drag profile:

• quadratic drag -- D = Co + Clv + C2v _

• equililfium glide -- D =

• constant drag -- D = D0

• note that l_st two segments are one parameter subsets of family of general

quadratic pr()files.

• For each segment, the vertical LID profile which nominally corresponds to tile "

drag i)rofile is known.

• A feedback control loop is used to damp oat variations fi'om the nominal profile.

. During the 1,'_st two segments, the profile can be adjusted to match the estimated

range to the target.

I

11

w

J

W

CROSSRANGE GUIDANCE

Crossrange controlled 1)y sign of bank angle.

When the edge .f the azimuth error deadband is reached, a I)ank reversal is

triggered.

The azimuth error deadl)and width is input as a fimction of vehicle speed.

Finite time required for large l)ank angle changes (eg. t)ank reversals) dim to

limits on bank angle rate and acceleration. These constraints are imposed in the

software by determination of the ,ninimum time to achieve the change and t.he

corresponding bank profile.

m
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NAVIGATION

Direct integration of IMU output may be used when no additional data types

(such ,as relative range) are available.

Navigation lilter may be used with or without additional data types.

• 13 state filter --

* position and velocity

• bank a,_gle and angle of attack

• atmospheric density multiplier and scale height

• two aceelerometcr biases

• range lfi_

• Data t.ypes include range measurements relative to another vehicle _q well
IMU.

JDL

Navigation (cont.)

• For standard Kalman filtering, one must assume some atmospheric error model.

• Models studied:

Nominal

4-50 % constant density multiplier errors

Viking 1, Viking 2 data

Warm/high-pressure, Cool/low-pressure envelope limits
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VIKING 2 VIKINC I

,J
\

- 7. tll-_ llI

\

Fractional Density Varlat i.on

/
/"

/"
/

//
//

I"

//"

/
/i

// K

/ NARH/II (GII-PRESSURE

+'[ . 7E • E]f_I

r'_

I

I

II

i

Ill

I

iI

K_

il

i

m

.... ,,%.h,ic_H,!to_rj, _.... LXr__ (kl,) _ __
N.mii.;d 01) I

I-5t1% 0.05

-50% -(I.I)4

Viking l -0.05

Viking 2 -0.(10

(_ool/l.ow -0.05

l_Varm/I1 igh 0,04

TABLE I -- ACCET,EllOMETER INTEGRATION

Errors

-- ii.(i_7..... [--_----- -li.O2
0.002 I o.ool .0.03
0.004 I -0.006 -0.02

0.003 i 0 -0.02

0o04 I -0.001 -0.03

0.00.2 I 0.002 -0.02
0.003 _L -o.o01 -0.02

{I (1112 II

0.002 l)

0.003 0.I)I)6

0.002 0

0.003 0.001

0.002 0.002

0.002 0.(}01

lil

TABLI'] 2 -- FILTER WITII RANGE DATA

Alliilisphere

Noml,al

-t.50%
- 50%

Vlkht I I

Viking, 2

(h,,,I/Low

Wa rwl/lligh

&r= (knl)
0.01

0.6

-0.07

0.07

0.02

.0.02

0.5

AO. (,i_)____
0

-0.003

0.007

0,001

O.O0 I

0.003

0,003

Errore

a@. (d_) At. (k,,)
-0.001 -- -- -0.01

0.004 .0.02

0.003 -0.05

o,oo4 I -o.o._
.ooo3 I .oo2

0 I -0.01

o.oo,I _l -0.02

AO, (,leg) __
0.(10 I

0.002

0.00,1

0.002

(}.002

{I.00 I

0

A_, (,leg) __
0.00 I

0.003

0.003

0,00<l

-0.003

0

0.1103

i

lI
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TABLE 3 -- I:'IITER wrrlf0OT RANGE DATA

AtmoSphere Time Cons),. Aq_c (&'g)

Nominal

÷ 50%

- 5O%

Viki.g I

Viking 2

Cool/Low

....Wacm/llish

Nominal

4 50%

-.5(}%

Viking I

Viking 2

Cool/Low

Wa ¢m / l!ig_h

100

I00

I00

I00

I00

I00

[00

I000

1000

I000

I_00

I000

I000

1000

Ar.____

0.01

2.9

-0.3

0.4

-0.1

-0.3

2.7

021

0.22

-0.3

03

0.8

0

2.0

a/h2,,l______
0

-0.137

-0.265 "

-0.Oil

O.O14

-0.026

-O.OB5

0

-0.064

-0.007

-0.0|9

-0.018

0.012

-0.032

Errora

-0.00_ .o.o_
0.008 0

-0.003 2.8

0(k93 -0.01

-0,00,1 -0,03

0 0.8

-0.005 -0.02

.0.001 -0.02

0005 -0.03

-0.002 0.2

0,007 0

0.002 -0.01

0,001 -0.2

0.003 -0.03

0.0(! !

0

-0.421

0.00 I

(l,003

-0.O9 l

0.002

0.002

0.002

0.037

0.001

0.002

0._03

0.002

0.(10 !

0.001

0.005

O.002

-0.003

0.004

.0.010

.0.001

0.00 I

0

0.006

0.002

- 0.00i

0.001

JPL

GUIDANCE AND NAVIGATION 3 SIGMA ERROR SUMMARY

]

* LID=I.5 (accelerometer integration)

Component Downrange Crossrange

3a initial state (rss of table columns) 7.8 0.8
3a bias and scale factor 4.1 0.5

3a atmospheric density 0.3 0.4
3a entry angle control 0.1 _ 0,4

total 3a guidance and nay 8.8 1.1

?:: ± :

* L/D=0.5 (accelerometer integration)

Component Downrange Crossrange

3a initial state (rss of table columns) 4.5 1.3
3a t)i_ and scale fa(:tor 2.0 0.1
3a atmospheric density 0.2 5.8
3n entry angle control 0.2 0.6

total 3or guidance anti nay 5.0 6.0
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JPL

Near-Optimal Onboard Guidance for Aero-maneuvering Plane Change

• Simple near-optimal guidance logic used.

• Final velocity maximized while meeting constraints on final altitude, flight path

angle and heading angle.

• Non-dimensional equations of flight:

d7 ,5+M

d_, a
dw -7

d_ o
du 1 6_
--=a+-+--
dO a a

7, w, v and _/,are the non-dimensional flight path angle, altitude, speed
and heading angle.

M is Loh's term, and 5 and a are the controls.

i

i

JPL

• Piecewise linear approximation to Loh's term used (as opposed to previous two-

piece piecewise constant approximation).

• Euler Lagrange equations may 1)e formulated and solved ,analytically.

_,)

2a

M5
(7

• Constraint integrals may also be solved analytically.

• Solution is similar qualitatively and numerically to "true" optimum.
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HIGH ENERGY AEROBRAKING WORKSHOP

MISSION AND VEHICLE CONCEPT STUDIES

BY

JOHNNY H. KWOK

JET PROPULSION LABORATORY

AT

AMES RESEARCH CENTER

JAN 31 - FEB 2, 1989

Jm< t/:}i/89

OUTLINE

,t, JPL MISSION ANALYSIS SOFTWARE LIBRARY

,I, SUMMARY OF MRSR PRE-PFIASE A MISSION AND VEHICLE CONCEPTS

" EXAMPLES OF POSSIBLE HEA MISSION AND SYSTEM REQUIREMENTS

=
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MISSION ANALYSIS SOFTWARE LIBRARY

CONTOUR

PARAMETRIC CONTOUR PLOTS OF LAUNCH ENERGY, LAUNCH

CAPTURE ORBIT ELEMENTS. SOLAR ILLUMINATION ANGLE, ETC.

TIME, ARRIVAL VELOCITY,

KPLOT

* GRAPHICAL VIEWS OF PLANETARY TRANSFER, ENTRY. CAPTURE, FLYBY, ETC.

LPLOT

* COMPUTES RANGE. ANGULAR PARAMETERS. ETC.. RELATING THE PLANETS. THEIR

NATURAL SATELLITES. S/C, TRACKING STATIONS, ETC. TO EACH OTHER.

PLATO

PLANETARY TRAJECTORY OPTIMIZATION

CONSAT

* GLOBAL MULTIPLE IMPULSE OPTIMIZATION

MRSR FLIGIIT VEttlCLE PERFORMANCE SPREADSHEET (DEVELOPED BY SAIC)

* LOTUS SPREADSttEET, INCLUDES LAUNEtt/ARRIVAL VELOCITY, S/C DRY MASS. PROPULSION

SYSTEM MODELS, ttEA VEHICLE SCALING EQUATIONS, ORBIT TRANSFER REQUIREMENTS, ETC.

'= COMPUTES INJECTED MASS

JPL

.InK i/_/_:)

TAL _

/28 05/03 0=3/08 05t t 3 OS/! ! 0S/23 0S/28
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,..II_L LOCAL D 3-IMPULSE MOI

JPL

REFERENCE MISSIONS SELECTION

_ ..... _ _ MNSR LAUNCH CONFIGURATION

FLIGHT SEGMENT

MAPPING/COMM ORBITER (MCO)

SAMPLE RETURN ORBITER (SRO)

ROVER

MARS ASCENT VEHICLE (MAV)

A

X

X

X

X

B C D

B1 B2 CIC21 D1 D2

x x x

x x xl

•xXtxX X

= 34.5

JHK-3



JPL

REFERENCE MISSIONS SELECTION

LOCAL D

MISSION NAME

LAUNCH CONFIG.

LANDING SITE

ROVER TRAVERSE

LAUNCH VEHICLE

OPPORTUNITY

MARS CAPTURE

EARTH CAPTURE

LOCALD

D1 I D2

ALBA PI.A_

,6% l_o"w

LOCAL
(lOOM)

"g8 '98

AERO PROP

AERO

AREAL B AREAL D

MANGALA DETERMINED
t_

6 S. t4Z°W BY D2

AREAL AREAL

(20-40 KM) (20--40 KM)

UPGRADEDTITAN IV�CENTAUR G"

'g8 "98 "98 'g6

AERO PROP AFRO PROP

PROP PROP

AREAL B

HEAVY

B1-t B2

CANDOR
o ¢,

10.6 S, 74.5 W

AREAL

(20-40 KM)
HEAVY ROVER

I '98 '08

AERO ^_0

D.E.

D1 -A

SUPPORToRBITERSUBSYSTEMS I

LANDER I

_AEROSHELL j

SCA = SAMPLE CANNISTER ASSEMBLY
SRC = SAMPLE RETURN CANNISTER

D2-P/A

REMOTE SENSE/COMM.

ORBITER

REND, RET. ORBITER

EARTH RETURN VEHICLE
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B2-P

REMOTE SENSE/COMM. I

I ORBITER
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AREAL D

DI -A

SUPPORT SUBSYSTEMS

LANDER 1

AEROSHELL y

D2-P/P

REMOTE SENSE/COMM.

ORBITER

REND. RET. ORBITER

EARTH RETURNVEHICLE

SCA =
SRC =

SAMPLE CANNISTER ASSEMBLY
SAMPLE RETURN CANNISTER
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iOVEI_/SAMPLE R'ETURN: AREAL [) MISSIO_I]

"0

IOtlO

AREAL B (HEAVY)

B1 -AID

_,-E,o.,_,.o,.,,_,1_
/I E.,, I\

SCA = SAMPLE CANNISTER ASSEMBLY

SRC = SAMPLE RETURN CANNISTER

-- 349

B2-A

REMOTE SENSE/COMM

ORBITER II
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HEA MISSION AND SYSTEM REQUIREMENTS

* REAL TIME TELEMETRY

DIRECT TO EARTH. RELAY BY OTHER VEHICLE

* APPROACH NAVIGATION

OPTICAL NAVIGATION, VEHICLE TO VEHICLE TRACKING. APPROACH GEOMETRY. MANEUVER

ACCURACY. AUTONOMOUS GNC

* ENTRY NAVIGATION

ORBITER TO ENTRY VEHICLE RANGING. LANDMARK TRACKING

* ORBIT PLANE CHANGE AND PERIAPSIS ROTATION

CRITICAL INCLINATION ORBIT. EQUATORIAL ORBIT. SUN-LIGHT CONDITION. SITE ACCESSIBILITY

* MULTIPLE PASSES

WAITING ORBIT, IMAGING ORBIT, COMMUNICATION ORBIT. VEHICLE EJECTION

* DEORBIT FROM ELLIPTICAL ORBITS

ENTRY AND LAND AT PERIAPSIS

' DUST STORM

AEROCAPTURE. ENTRY. SURFACE OPERATIONS

* PLANETARY PROTECTION AND QUARANTINE

ROBOTIC MISSIONS. PILOTED MISSIONS
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LIST OF ISSUES

OLD LIST OF QUESTIONS TO CODE Z COPIED FROM BLACKBOARD

FEBRUARY 1, 1989

LIST OF QUESTIONS TO CODE Z FROM THE
PATHFINDER HIGH ENERGY AEROBRAKING TEAM

(QUESTIONS GENERALLY APPLY TO BOTH THE MRSR AND MMM MISSIONS)

0.0

1.0 TRANSIT

IN-SPACE ASSEMBLY OF AEROBRAKES

- FEASIBILITY/PRACTICALLY OF PRODUCING AEROBRAKE TPS
FROM LUNAR MATER AL

CAPABILITY OF ASTRONAUTS/ROBOTS IN ASSEMBLY OF
AEROBRAKE

i : .,,. ALLOWABLE TRANSIT TIME - BOTH WAYS

EFFECT ON SPACECRAFT THERMAL CONTROL BY ENTRY
THERMAL PROTECTION SYSTEM

EFFECT OF IN-SPACE EXPOSURE ON TPS



LIST OF QUESTIONS TO CODE Z FROM THE
PATHFINDER HIGH ENERGY AEROBRAKING TEAM

(CONTINUED)

2.0 MARS ENTRY AND LANDING

RESULTS OF RECENT CODE Z SPONSORED STUDIES

ACCURATE INFORMATION ON HEIGHT OF FOUR VOLCANOES
AT + 20 AND -10 DEGREES LATITUDE- CURRENTLY LISTED AS
HIGH AS ABOUT 27 KM AND SHOWN IN VARIOUS PUBLICATIONS
AND MAPS WITH FACTORS OF TWO DIFFERENCES

AMOUNT OF DUST INCLUDING SIZE DISTRIBUTION IN MARTIAN
ATMOSPHERE AS FUNCTION OF ALTITUDE AND MARTIAN YEAR-
MAY EFFECT TPS DUE TO IMPACT

- DESIRED PARKING ORBIT(S), LANDING SITES AND TIME TO BE
SPENT ON SURFACE

- PRACTICAL LIMITS ON MISSION SCENARIOS/DESIRED
MASSES TO BE PLACED ON MARTIAN SURFACE

- ACCEPTABLE G-LOADS ON CREW DURING MARS ENTRY FOLLOW-
ING LONG PERIOD OF SPACE FLIGHT

F_

k_
I

13.0

LIST OF QUESTIONS TO CODE Z FROM THE
PATHFINDER HIGH ENERGY AEROBRAKING TEAM

(CONCLUDED)

EARTH RETURN

PRACTICAL LIMITS ON MISSIONS SCENARIOS/DESIRED MASSES
BE RETURNED TO EARTHY/CORRIDOR WIDTH - INCLUDE DIRECT
ENTRY AND SPACE STATION RENDEZVOUS

ACCEPTABLE G-LOADS BY CREW DURING EARTH RE-ENTRY
FOLLOWING LONG PERIOD OF SPACE FLIGHT

IMPACT OF AI/ROBOTICS ON EARTH ENTRY MANEUVER/SPACE
STATION RENDEZVOUS

WOULD THE HEAT OF RE-ENTRY SUFFICE TO STERILIZE THE
RETURN ENTRY CAPSULE OF MARS "BUGS"

352
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ISSUES

ACTION TO ICWG:

.FUNDING VS OELIVERABLESVSSCHEDULE

• REPORT TO HQ CODESR, M. E & Z

• CO2 INARC JETS

• SOLAR RADIATION & EFFECTS OF VENUS FLYBY "

• HEIGHT OF VOLCANOES BY 1993?

DEFINECONSTRAINTS,LANDING???

• DIRECT ENTRY ON EARTH RETURN - OPEN ISSUE

• TRADE PROPULSION @ EARTH RETURN TO GET V. _ 11 KM/SEC -

- AVOID PRFE?COSTTO IMLEO (CODEZ) B. DURRE3-F

• MARS DENSITY VARIATION

- PREDICTABLES(MODELINGAT ARC)
MEASURE FROM MARSORBIT

- SCOUT PROBE?WORKAROUND?

• DO WE NEED PRECURSOR FLIGHT?

ISSUES

(CONTINUED)

• COORDINATE WITH GODDARD MARS AERONIMY ORBITER - MAY 89

• AEROBRAKE REUSE?

• COST OF ON - ORBIT REFURBISHMENT OF AEROBRAKE

• QUALITY FOR CO2 ENTRY MARS AEROCAPTURE BRAKE

• BY JUNE, DURRETT WILL SPECIFY WHETHER OR NOT MARS AFRO-
BRAKE WILL RETURN TO EARTH

• FOCUS ON SYNERGY OF AEROBRAKE & NUCLEAR PROPULSION-
MULTIPLE USE OF AEROBR_KES

• FOLLOW UP/CONNECT/COORDINATE WITH OTHER PATHFINDER
ELEMENTS

• DESIGN & CHARACTERIZE LARGE DIA VEHICLES - WORK IN PRO-
GRESS
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ISSUES

(CONCLUDED)

I

!i

H
w

- PACKAGING OF MISSION HARDWARE - C.G., ETC.

- CONFIGURATION & PACKAGING COMPATIBILITY

- HIGH L/D POSSIBLE?

• IMPORTANCE OF NON-EQUILIBRIUM AT MARS; SCOPE HEATING
PROBLEMS

• DEFINE THE BIG DRAGONS- POTENTIAL "SHOW-STOPPERS"

• SYSTEM STUDIES ( + CODE Z) PROVIDE LIMITS ON HEAB

=--

hi

U

I

.==

W

U

m

i
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SYSTEMS STUDIES SUBGROUP

FEBRUARY 2, 1989

REPORT.
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STUDY CLASS II (ADVANCED MARS MISSION)

AMBITIONS AEROCAPTURE TECHNOLOGY

(AEROCAPTURE DOES NOT CONSTRAIN MISSION)

z..

EARTH ENTRY VELOCITIES, V..J_t_ 16 KM/SEC
e=_-/

V,= - 6-10 Km/S

MAX ACC - 5g

• P/L MASS AND VOLUME CONSISTENT WITH CODE Z FY 88 EIGHT PERSON MISSION

• TECHNOLOGY LEVEL 6 FOR PHASE C/D (_1999)

_'E ACCURACIES TO BE DEFINED BY GNIC

• ASSUME 1989 KNOWLEDGE BASE ON MARS ATMOSPHERE
[RELATED TECH. ALLOWABLE eg. PROBES, ORBITORS, SCOUTS]

• ALTITUDE CORRIDORS DETERMINED BY JPL

• CROSS RANGE UNCONSTRAINED

USE SAME AEROBRAKE FOR EARTH AND MARS AEROCAPTURE;SEPARATE MARS
ENTRY VEHICLE

• RETURN TRANSIT SYSTEM TO EARTH ORBIT

STUDY CLASS I

MINIMUM AEROCAPTURE TECHNOLOGY

• LIMIT ENTRY VELOCITIES TO APOLLO/AFE RANGE (11-12 Km/Sec) (RETRO-PROPULSION
ALLOWED)

• P/L, MASS AND VOLUME CONSISTENT WITH CODE Z FY 89
3-MAN MISSION

1995 TECHNOLOGY

V = 6-10 KnVSec (RETRO-PROPULSION ALLOWED)

_E ACCURACIES TO BE DEFINED BY GN AND C SUB PANEL

MAX ACC = 5g (TO BE VERIFIED)

ASSUME RANGE OF MARS ATM'S USED IN MRSR STUDIES

MINIMUM ALTITUDE UNCONSTRAINED A-r p_A_. 5 /

NO CROSS RANGE REQUIRED

USE SAME AEROBRAKE FOR BOTH MARS AEROCAPTURE AND ENTRY

MINIMUM EARTH RETURN MANNED CAPSULE
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SUBGROUP REPORT

FEBRUARY 2, 1989

1/31/89 2/2/89

NASA AMES RESEARCH CENTER

_=_

r_=_

HIGH ENERGY AEROBRAKING

AEROTHERMODYNAMICS

SUBGROUP MEMBERS

Steve Deiwert, Leader
Ken Sutton

Chien Li

Tom Edquist
Scott McRae
Chui Park

John Howe
Mike Green

Tony Strawa
Graham Candler
Grant Palmer

Surrendra Sharma

Dinesh Prabhu

Bill Feiereisen

Dave Cooper

Ames Research Center

Langley Research Center

Johnson Space Center
Martin Marietta

N. C. State University
Ames Research Center

Ames Research Center
Ames Research Center

Ames Research Center

Ames Research Center

Ames Research Center
Ames Research Center

Ames Research Center

Ames Research Center

Ames Research Center
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HIGH ENERGY AEROBRAKING

AEROTHERMODYNAMIC S
BROAD ISSUES

AEROTHERMODYNAMICS RESEARCH FOR HEAB SHOULD BE BROAD RANGED

DEVELOP REFINED TOOLS
ENHANCE UNDERSTANDING
DEVELOP ENGINEERING TOOLS
PERFORM SENSITIVITY STUDIES
CONFIGURATION INDEPENDENT

FUNDING SHOULD BE ADEQUATE TO SUPPORT EXPERIMENTAL TEST AND
CODE DEVELOPMENT AND VALIDATION ACTIVITY

COMPUTATIONAL TOOL DEVELOPMENT
GROUND BASED EXPERIMENTS
COMPUTER RESOURCES
FLIGHT EXPERIMENTS

U

U

=

= _

i

HIGH ENERGY AEROBRAKING
AEROTHERMODYNAMICS

VALIDATION REQUIREMENTS

GROUND BASED TEST PROGRAM

NONEQUILIBRIUM RADIATION/CHEMISTRY
REAL GAS AERODYNAMICS

LOW DENSITY FLOWS
TURBULENCE

ABLATION
DUSTY FLOWS
BASE FLOWS
UNSTEADY FLOWS
SURFACE EFFECTS (CATALYSIS)

FLIGHT TEST DEFINITION

CONVECTIVE & RADIATIVE HEATING
AERODYNAMICS

FACILITY REQUIREMENTS
COMPUTER RESOURCES

SUPERCOMPUTERS
WORK STATIONS/GRAPHICS

EXPERIMENTAL FACILITIES
SHOCK TUBES
BALLISTIC RANGES

ARC JETS

INSTRUMENTATION

QUALITY PARAMETER DEFINITION FOR VALIDATION
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I-IIGH ENERGY AEROBRAKING

AEROTHERMODYNAMICS

PHEnOMEnA
REAL GAS AERODYNAMICS
NONEQUILIBRIUM

CHEMISTRY
RADIATION

GAS PROPERTIES (AIR, CO2-N2)
THERMODYNAMIC AND TRANSPORT

FLUID PHYSICS

r . RECOMMENDED
ACTION
NECESSARY
CO2 SCOPE OUT/

SENSITIVITY
AIR/CO2/N2
DEFINITION OF

CRITICAL PROPERTIES
REACTION RATES & CROSS SECTIONS CURVE FITS (EQUIL)

HIGH IONIZATION LEVELS
TURBULENCE
ABLATION
SURFACE EFFECTS
DUSTY FLOWS
BASE FLOWS

REACTING
RADIATING
UNSTEADY

3-D
IMPINGEMENT

UNSTEADY AEROELASTIC (FLUTTER) NOT CRITICAL

LOW DENSITY FLOWS (L/D EFFECT) LOW LEVEL

PERF. DATE
ORGS.
A/L/J IMMED.
A 1 YR

A/L/J 3-5 YR
A 1 YR

A 3-5 YR

NONEQUILIBRIUM A >5 YR
NECESSARY A/L/J IMMED.

NECESSARY AlL ..... 3'5 YR
NECESSARY A/L/J _ 3-5 YR
LOW LEVEL A 3-5 YR
NECESSARY A / L / J 3-5 YR

A/L IMMED.

HIGH ENERGY AEROBRAKING

AEROTHERMODYNAMICS

RECOMMENDATIONS

PRIORITIZE RESEARCH ACTIVITY FOR LOW L/D CONFIGURATIONS

IDENTIFY SIMPLE GENERIC CONFIGURATION AND BASELINE TRAJECTORIES TO FOCUS
RESEACH DEVELOPMENT (CODE Z)

UPGRADE EXISTING-ENGINEERING CODES TO INCLUDE CURRENT TECHNOLOGY AND TO
CONSIDER 3-D EFFECTS AND BASE FLOWS

7: _ : : , ..... 7 :

EARTH ENTRY ISSUES: ABLATOR OR NONABALTOR (CODE Z)

MARS ENTRY ISSUES: NONEQUILIBRIUM PHENOMENA (CODE R)

PROPOSE PERIODIC AUDIT OF SYSTEM STUDY DESIGNS USING ADVANCED CAT CODES
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HIGH ENERGY AEROBRAKING

AEROTHERMODYNAMICS
GENERAL COMMENTS

REAL GAS AERODYNAMICS SHOULD BE CONSIDERED IN ALL CODE ACTIVITY

NONEQUILIBRIUM CHEMISTRY AND RADIATION MUST BE CONSIDERED FOR COMPLETENESS.

IN THE NEAR TERM IT IS IMPORTANT TO ASSESS THE SIGNIFICANCE OF NONEQUILiBRIUM.

FOCUS ON CO2 - N2 ATMOSPHERE AND IDENTIFY CRITICAL REACTIONS USING SENSITIVITY

STUDIES.

ANALYTIC DESCRIPTIONS OF GAS PROPERTIES DESIRABLE FOR EQUILIBRIUM FLOWS.

HIGHLY IONIZED FLOWS ARE A CHALLENGE FOR NONEQUILiBRIUM CONDITIONS.

STUDIES TO DETERMINE THE IMPORTANCE OF NONEQUILIBRIUM IONIZATION SHOULD BE

PERFORMED.

HIGHLY IONIZED EQUILIBRIUM FLOWS ARE NOT DIFFICULT TO TREAT.

TURBULENCE IS NOT SOMETHING TO BE IGNORED. MASSIVE ABLATORS WILL BE

TURBULENT. BASIC STUDIES ARE NEEDED.
TRANSITION WILL BE IMPORTANT FOR BICONICS AND FOR VERY LARGE AEROSHELLS.

IT IS NECESSARY TO INCLUDE ABLATION, INJECTION, AND CATALYTIC BOUNDARY

CONDITIONS INTO ADVANCED CAT CODES. EXPERIMENTAL STUDIES ARE CRITICAL.

DUSTY FLOWS ARE NOT OF FIRST ORDER IMPORTANCE. CURRENT ACTIVITY IS AT ABOUT

THE PROPER LEVEL.

H][GH ENERGY AEROBRAKING

AEROTHERMODYNAMICS

GENERAL COMMENTS (CONTINUED)

BASE FLOW PREDICTION REQUIRES A LOT Or DEVELOPMENTAL WORK. CRITICAL ISSUES

INCLUDE EFFECTS ON AERODYNAMIC PERFORMANCE, RADIATIVE HEATING AND

IMPINGEMENT HEATING.

UNSTEADY HYPERSONIC AEROELASTIC STUDIES ARE NOT DEEMED OF HIGH IMPORTANCE AT

PRESENT. 1F FLEXIBLE HEAT SHIELDS ARE REALLY USED THIS SUBJECT NEEDS ATTENTION.

LOW DENSITY EFFECTS ARE NOT OF FIRST ORDER IMPORTANCE. CURRENT ACTIVITY IS AT

ABOUT THE PROPER LEVEl..
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HIGH ENERCa.Y AEROBRAKING

EXPERIMENTAL ISSUES

GENERAL COMMENTS

ARC JETS; -FLOWS MUST BE QUANTIFIED FOR AERO/AEROTHERMODYNAMIC TESTING.
-CFD SIMULATIONS SHOULD BE CONSIDERED AN INTEGRAL PART.

-FEASIBILITY STUDIES ARE REQUIRED FOR CO2 TESTING.

BALLISTIC
RANGES: -VALUABLE FOR 1) AERODYNAMIC COEFFICIENTS

2) BASE FLOW DEFINITION
3) 3-D FOREBODY TEMPERATURE DISTR1BUTII)N
4) ABLATION STUDIES
5) GAS/SURFACE ABSORBTION STUDIES
6) TRANSITION STUDIES

SHOCK
TUBES: -SHOULD BE USED FOR:l) NONEQU1LIBRIUM CHEMISTRY]RADIATION STUDIES.

2) GAS PROPERTIES
3) GAS/SURFACE INTERACTION/ABSORPTION STUDIES.

4) EXPANDING FLOWS
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CODF RIZIEIINDUSTRY

HIGH ENERGY AEROBRAKING HEAB WORKSHOP

THERMAL PROTECTION SYSTEMS SUB-GROUP REPORT

BY

HOWARD GOLDSTEIN (LEADER, ARC)

DON CURRY (SSC)

WILLIAM HENLINE (ARC)

DANIEL LEISER (ARC)

PAUL KOLODZIEJ (ARC)

DICK SAVAGE (BOEING)

DAVE STEWART (ARC)

REQUIRE NEW THERMAL PROTECTIO_ SYSTEMS/CONCEPTS FOR PATHFINDER

• DEVELOP ADVANCED ABLATOR THERMAL PROTECTION SYSTEMS

- REFLECTIVE

- NONCATALYTIC

- OPTIMIZED DENSITY

- OPTIMIZED THERMOPHYSICAL AND MECHANICAL PROPERTIES

• DEVELOP ADVANCED INSULATION SYSTEMS

- REPLECTIVE

- NONCATALYTIC

- STABLR TO TEMPRRATURE 35@@-40@_OF AND HEAT FLUXES IN EXCESS O_ ISO BTU/FTZ-sEC.

- OPTIMIZED THERMOPHYSICAL AND MECHANICAL PROPERTIES

• DEVELOP COMBINATION ABLATOR/INSULATIYE SYSTEMS: REUSABLE AT LOW HEAT PLUX ABLATIVE AT

HIGH _LUXES

- UTILIZE ON BOARD RESOURCES

• DEVELOP APPROPRIATE ANALYTICAL MODELS FOR CHARACTERIZATION AND DESIGN

- THERNOCHEMICAL

THERNOSTRUCTURAL

• PERFORM SYSTEMS PARAMETRIC STUDIES TO DEFINE THERMAL PROTECTION MATERIAL CHARACTERISTICS

- INDUCED ENVIRONMENTS (RADIATIVE, CONVECTIVE HEATING, PRESSURE, ACOUSTIC).

- HATU_AL ENVIRONMENT S (LONG TERM SPACE EXPOSURE, RADIATION, SOLAR FLARES, DUST,

MRTEOROIDS, ETC.).

- SYSTEMS TRADEOFPS BETWEEN RIGID AND FLEXIBLE SYSTEMS

AMES, LANGLEY, JSC, MARSHALL

REQUIRED BY END OF FY99
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NON-WEIGHT FACTORS INFLUENCE TPS SELECTION

EVALUATION
CRITERIA

IMATURITY

ABLATIVE

INSULATIVE

RSI

HIGH

RFC

U III I

EMERGINGHIGH
,,,,,

MAX USE TEMP 5000 "F 2800 "IF 4000 "IF

HIGH INTER ME DIATE LOW NILOUTGASSING

STRENGTH LOW LOW

OENSIT_f (PSF) 2.0-3.0 0.6-2.0

OXIDATION
RESISTANCE

• ATOMIC PoOR GOOD

• DIATOMtC

DAMAGE
TOLERANCE

LOWLOW

SIZE LIMITS NONE 1 FT X 1 I:1"

MAN-RATED YES YES

INTERMEDIATE LOW

POSSIBLE

NO

NO

UNKNOWN

REPAIRABiUTY

MULTI-USE

REFURBISHMENT

LONG TERM
SPACEEXPOSURE

POSSIBLE

YES

YES

UNKNOWN

• FURNACE/EQUIFrMENT LIMITED

METAL

HIGH

1s0o",

CARBON-
CARBON

HIGH

3500

RADIATIVE

LOW

LOW HIGH INTERMEDIATE

1.0-3.0 2.0-3.0 10-2.0

GOOD GOOD REQUIRES

COATINGHIGHHIGH

2 FT X 6Fir* NONE SFTXSFT"

NO YES YES

LOW HIGH INTERMEDIATE

UNDEVELOPED YES POSSIBLE

YESYES YES

%EsUNDEVELOPED UNKNOWN

UNKNOWN UNKNOWN UNKNOWN

=--N

U

Crow

im

m

Q

FLIGHT TEST

RECOMMEND A FOLLOW ON FLIGHT AS SOON AS POSSIBLE AFTER AFE (ONE YEAR DESIRED) TO EVALU-

ATE THERMAL PROTECTION SYSTEMS, AEROTHERMAL, AND GN G C REQUIREMENTS FOR MARS RETURN

MISSION.

W

W

- ENTRY VELOCITY IN EXCESS OF i4 KMISEC

- MIGHT USE AFE STRUCTURAL TEST ARTICLE

- ADVANCED TPS FOR MANNED MISSION

- MINIMUM (SIMPLE) INSTRUMENTATION

- MUST RECOVER VEHICLE

e JUSTIFICATIhN

- MUST CERTIFY TPS FOR MANNED FLIGHT TO MARS.

- TPS PERFORMANCE AND VALIDATION - NOT AVAILABLE ANY OTHER WAY

- REQUIRED TO MINIMIZE MANNED VEHICLE WEIGHT, OPTIMIZE DESIGN,

ORG_

TIME:

AMES, LANGLEY, JSC, MARSHALL

START NOW. FLIGHT FY95
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FACILITIES REQUIREMENTS

I UPGRADE ARC-IETS FOR APPROPRIATE PLANETARY ATMOSPHERES

EARTH - NEED RADIATION SOURCE (PERHAPS GD LASER) AND HIGHER ENTHALPY

MARS - NEED CO2 AND POSSIBLY RADIATION SOURCE

OTHER PLANET GASES, AS MISSIONS DEFINED

o UPGRADE ARC-JET STREAM/MODEL DIAGNOSTIC

e SPECTROSCOPIC AND LASER DOPPLER VELOCIMETRY. ETC., INCLUDING HIGH SPEED DATA ACQUISITION

AND TRANSMISSION SYSTEM.

ORG, AMES AND JSC

TIME, BY FY92

SCHEDULE TO DEVELOP REQUIRED MATERIALS

1990 1995 2000

DEVELOP MATERIAL CONCEPTS

MATERIALS SCREENING TESTS

FABRICATE EXP MATERIALS

PERFORM CHARACTERIZATION TEST PROGRAM

PERFORM SYSTEM TESTS/CERTIFICATION

PARAMETRIC STUDIES

DESIGN PERFORMANCE ANALYSIS

TECHNOLOGY READY (SPECS TO INDUSTRY)

I. SCREEN CANDIDATES

2. SELECT CANDIDATE MATERIALS

3. DEFINE MATERIAL REQUIREMENTS

4. COMPLETE DEVELOPMENT

z
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HIGH ENERGY AEROBRAKING GN&C
SUBGROUP REPORT

LIST OF ISSUES

ATMOSPHERIC DENSITY UNCERTAINTIES

AERODYNAMIC UNCERTAINTIES

APPROACH NAVIGATION ERRORS

TIME CRITICALITY OF PLANETARY AEROBRAKING

GN&C IMPACT ON VEHICLE DESIGN (L/O, W/CDA, HEATING)

APPROACH

ATMOSPHERIC DENSITY UNCERTAINTIES

GAIN INFORMATION ABOUT MARS ATMOSPHERE

PRECURSOR MISSION - LIDAR, ETC

DESIGN ROBUST GN&C TO HANDLE WORST DISPERSIONS

ADAPTIVE GN&C SYSTEM

AERODYNAMIC UNCERTAINTIES

WIND TUNNEL TESTS

CFD

PLANETARY RETURN FLIGHT EXPERIMENT

DESIGN ROBUST GN&C TO HANDLE WORST ERRORS

ADAPTIVE GN&C SYSTEM

APPROACH NAVIGATION ERRORS

BEST USE OF GROUND BASED SYSTEM WITH OPTICAL
NAVIGATION

RADIOMETR_/C T__RACKING WITH IMPROVED MARS EPHEMERIS

AUTONOMOUS NAVIGATION FOR LAST PORTION OF APPROACH
PHASE

TIME CRITICALITY AND SENSITIVITY TO FAILURES OF
PLANETARY AEROBRAKING

ONBOARD AUTONOMOU_S_.FA_TQLERAWI" GN&C

SENSOR OPTIONS

GN&C IMPACT ON VEHICLE DESIGIt.(I./D. W/CDA. HEATINGI

EVALUATION OF DIFFERENT VEHICLE CONFIGURATIONS

EARLY INTERACTION WiTH AEROTHERMODYNAMIC, TPS, SYSTEMS
DESIGN ACTIVITIES

L ;z: _.i

CODE Z QUESTION: IS_PLANE CHANGE CAPABILITY REQUIRED?

367 p__IttTZI_II0_IALL_[ BL_N_



HIGH ENERGY AEROBRAKING

GUIDANCE, NAVIGATION & CONTROL

TASK AREAS

- Reference Trajecton/ Design

- Aim. G, N & C Algorithm Development

- Planetary Approach G, N & C

- Sensors, Effectors & Computers

- Test Bed/Simulation Development

FY _89

1

2

MILESTONES

F'Y 90 F'Y 91 FY 92 FY 93

3 6 10 1_

4i 7 11 15

5i 12 1E

8 1;

9 13 1E

• Schedule for the Guidance, Navigationand Control Work Area.

GUIDANCE, NAVIGATION AN0 CONTROL

1. Preliminary trajectory optimization software (9/89),

Z. Pre[lminary evaluation o? alternative atmospheric guidance and navigation schemes for Hars missions (9/891

3. Preliminary atmospheric trajectories for Hats missions (9/90).

4. Tmproved navigation schemes for flight through poorly known atmospheres (9/90).

5. PreLiminary approach guidance and navigation accuracies ?or Hats missions (9/90).

6. Hultipass aerobraklng study ?or Hars missions (9/91).

7. Real-t_me, onboard, adaptive guidance schemes (9/91)o

B. Sensor, effeetor, and computer capabiZlty assessment {9/91).

9. NOn-real-time test bed/simulation developed (9/91).

10. Updated atmospheric trajectories for Hars missions (9/92).

11. Real-time, onboard, adaptive control schemes (9/92).

12. Preliminary design of autonomous guidance and navigation system for approach phase (9/92).

13. Real-time test bed/simulation operational (9/gz).

14. Study of aerobraking enhancement by thrusting (9/93).

15. integrated, adaptive, fault-tolerant guidance, navigation, and contro| syst_ design (9]93).

1K. Updated approach guidance and navigation accuracies for Hats missions (9/93),

17. Fault-tolerant CN&C system hardware defined (g/93).

18. Integrated _&C system tested In rea;-tlme test bed/simulat|on (9/9)).

Hllestones and Dellverables for the Culdance, Navigation and Control Area.
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ISSUE

MISSION DEFINITION

INCLUDING ENTRY
VELOCITY

CONFIGURATION
DEFINITION

EXPERIMENT SCALE

RADIATION

EXPERIMENT IN
ABLATING

ENVIRONMENT

CFD SIMULATION

GROUND BASED

SIMULATION

TPS MATERIALS

HEAB WORKING GROUP RECOMMENDATIONS

FLIGHT EXPERIMENTS

RECOMMENDED ACTION

SYSTEM STUDIES TO DERNE MISSION

SYSTEM STUDIES TO DEFINE
CONFIGURATION

ANALYSIS AND EXPERIMENTS TO
DEFINE OPTIMUM AND MINIMUM

SIZE AEROBRAKE FOR EXPERIMENT

ANALYSIS AND EXPERIMENT OF PROTO-
TYPE CONCEPT

ARC, LaRC

ARC

FLOW FIELD SIMULATION WITH ABLATION,
TURBULENCE AND COUPLED RADIATION

ARC, LaRC, JSC

OBTAIN DATA FOR MODEL DEVELOPMENT

DETERMINE FEASIBILITY AND DEVELOP

NON CATALYTIC ABLATORS AND RE-

FLECTIVE ABLATORS

ARC, I.aRC, JSC

ARC

2 YEARS PRIOR TO
PRFE NEW START

PRELIMINARY

RESULTS 2
YEARS PRIOR

TO NEW START

AT NEW START

FLIGHT EXPERIMENTS RECOMMENDATIONS

(CONCLUDED)

ISSUE RECOMMENDED ACTION

GN&C ALGORITHM DEVELOP GN&C ALGORITHMS

FOR PRFE

P.EBE03MEL¢_

JPL, JSC, I.aRC

SPACE ASSEMB.Y OF
AEROBRAKE"

LIGHTWEIGHT
STRUCTURES

EFFECT OF

PARTICULATES
IN MARS

ATMOSPHERES

DETERMINE FEASIBILITY OF SPACE LaRC, MSFC, JSC
ASSEMBLY FOR PRFE TO NEW START

DEFINE STRUCTURE OPTION S FOR MSFC, LaRC, JSC
PRFE

ANALYSIS AND EXPERIMENT TO ARC

DETERMINE EFFECTS

"Synergy with other etemerrts of Pathfinder.
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MANNED MARS MISSION EARTH ENTRY ISSUES VS. TEST PRODUCTS

gt=GIEClBE

AERODYNAMICS

AEROTHERMODYNAMICS

TPS

GN&C

STRUCTURES

ISSUE AFE GROUND TEST/

PRODUCT .C.¢OMPUTATIONAL MODELING 1_
PRCOUCT

• ABLATION EFFECTS NO NO YES

• REAL GAS EFFECTS PARTIAL (BLUNT BODY) PARTIAL YES
• B.L. TRANSITION NO NO YES

• BASE FLOW EFFECTS PARTIAL (BLUNT BODY) PARTIAL YES

• PRESSURE DISTRIBUTION PARTIAL (BLUNT BODY) PARTIAL YES
• RAREFIED FLOW EFFECTS BLUNT BODY NO YES

• NON EQUILIBRIUM CFD VALIDATION FOR PARTIAL YES
HIGHLY IONIZED NON EQUILIBRIUM

FLOW FIELD WITH DISSOCIATED FLOW
RADIATION COUPLING FIELDS

• BOUNDARY LAYER TRANSITION NO NO YES

- ABLATION EFFECTS NO PARTIAL YES

• RADIATION HEATING NO PARTIAL YES
• CONVECTIVE HEATING PARTIAL PARTIAL YES

• RADIATION HEATING NO PARTIAL YES
• CONVECTIVE HEATING FOR BLUNT BODY YES NO

• TURBULENT FLOW NO NO YES

• CATALYTIC EFFECTS NO PARTIAL YES
• MATERIAL PERFORMANCE PARTIAL PARTIAL YES

• FAULT TOLERANT SYSTEMS NO
• ALGORITHM VERIFICATION FOR LOW IJD

YES NO

YES NO

• IN-SPACE ASSEMBLY NO PARTIAL YES

• FLEXIBLE STRUCTURE/ NO PARTIAL YES

FLOW FIELD INTERACTION (SMALL SCALE)
• THERMAL-STRUCTURAL NO PARTIAL YES

RESPONSE (SMALL SCALE)

M 3 MARS ENTRY ISSUES VS. TEST PRODUCTS

AERODYNAMICS

AEROTHERMODYNAMICS

TPS

ATMOSPHERE
EFFECTS

issue AFE
P_B.QD.U_

COMPUTATIONAL MODELINg/
GROUND TEST PRODUCT

• CO 2 EFFECTS NO PARTIAL (NON-ABLATING)
• PARTICULATE EFFECTS NO PARTIAL

• NON EOUILIBRIUM GAS PARTIAL YES
PROPERTIES

• NON EQUILIBRIUM RADIATION PARTIAL YES

PROPERTIES (ATOMS & OIATOMtCS ONLY)

• CO2 CATALYSIS EFFECTS NO YES

• PARTICULATE EFFECTS NO PARTIAL

• DENSITY VARIATIONS NO PARTIAL
• OUST/ICE PARTICULATES NO PARTIAL
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EXPERIMENTAL AND COMPUTATIONAL
FACILITIES

SUBGROUP REPORT
FEBRUARY 2, 1989

CODE R/Z/E/INDUSTRY

HIGH ENERGY AEROBRAKING HEAB WORKSHOP

1/31/89- 2/02/89
NASA AMES RESEARCH CENTER

EXPERIMENTAL FACILITIES

• Current Facilities Adequate for All But TPS Needs [Mars and Return
Missions

- Improve Arc-Jet Capability to 25,000 BTU/Ib.
- Add Adequate Radiation Source

• Upgrade, Improve, and Increase Instrumentation and Dignostic Tools in
All Facilities

- Shock Tube

- Ballistic Range
- Arc-Jet

• Code Validation Critical

• Existing Facilities Provide Info_rmation/Simulation of Individual
Phenomenon. Flight Tests Must Prove Interaction Assumptions.
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COMPUTATIONAL FACILITIES
N

• Capability Must Handle Coupled Radiative Calculations which Include
Turbulence and Ablation - Products/Flow Field Interactions.

• Need Significant Increases in Memory and Speed for Both CFD and
Chemistry Calculations.

• Computer Requirements (CPU Time) Cannot Be Estimated Until Mission
Parameters Are Defined/Reduced.
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TURBULENCE PHYSICS RESEARCH

,0:"r :Oo[ 3EOMETRv qEY_OLOS No

- $G1 _LATE$ _=HANNEL$ '35 _05X10 _
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CHEMISTRY

• o:l !" _ FUELS

T 2 = NzO 2"

10|S_" 3 • NsF ¥

_,o,,;- [] ®
! r
j.

• '--CAP `.,tJl_t '"oJECTEO' /_
:11

_0_) --"." CRAV-|CRAY'3pRAy.!CR&yCRAyV.MP_32x.Mp,u(PROJECTED)_II / _/ . [TA._O |_r_llG

_PflOJECTEO;

lq103 106 I0 S) iO t2 10_$ 1011 1021

KILO 14EGA G_G& I_ERA ?LrTA E)url

$11_EIO. FLOPs

G CAT&LYSTS _ MATERIALS1 : AI-Fe

; " Pt;Z 2 : AMMC CCNTACT
FULL C! SUIIF'CE

2 • PT2 3 = AMMC MODELI:D

• = MOLECULAR Z_] P_20 O2 I COMPOS_'rES

= _120 O4 C2 H6

lira

U

_4

EXPERIMENTAL AND THEORETICAL FACILITIES
REQUIREMENTS/ISSUES

• CO 2 in Arc-Jets

• CO 2 Non-Equilibrium

• Improved Instrumentation

• Up-Grade Arc-Jet Capability

• Code Validation

• Quantity/Define Flow in Arc-Jet

W

W
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Issue

CO= in Arc-Jets

CO=-Non-
Equilibrium

Improved
Instrumentation

Up-Grade Arc-Jet
Capability

Quality of Flow in
Arc-Jets

Issue

Code Validation

Recommended Action

Determine Feasibility
and Cost of Running

CO= in Arc-Jets

Determine/Evaluate
Rule of Non-

Equilibrium Effects-
Shock-Tube Studies

Define Needs-
Obtain Funds

Define Needs,
Costs, and Obtain
Funds

Measure and Define
Flow in Arc-Jets

Performing Ora.

ARC/JSC

ARC

All

ARC

ARC/JSC

Recommended Action

Validated Codes for:

1.) Non-Equilibrium
Effects

2.) Real Gas Aero-
dynamics

3.) Turbulence
4.) Ablation

Products

5.) Dusty Flows
6.) Base Flows
7.) Unsteady Flows
8.7 Catalysis
9.) Arc-Jet Flow

Performina Ora.

ARC/JSC/LaRC

ASAP

ASAP
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AMES HEAB WORKSHOP FOLLOW-UP COMMENTS FROM BOEING w

1. The planned Ames paper summarizing current knowledge about human limits for
HEAB is desirable as soon as possible. The workshop ended with a consensus of 5 g
peaks as a reasonable limit, but Dr. Cohen's actual statements did not lead directly to that
result. Our sense was that the real limits for Gx are high and open-ended, and
consequently not a problem.

2. Altfiough the workshop was dominated by the needs of OEXP scenarios for

human missions, the research community should be clear about the variable leverage of
aerobraking for such missions. For example, conjunction trajectories with low encounter
velocities may not warrant "super" aerobraking at all; also, there is an "availability tmdeoff"
between developing fascinating and advanced capabilities versus using those which could
already work and be on-line in time.

3. Assembly considerations, which the workshop recognized to be critical to the
systems studies, derived partly from data emergent from other Code R work.
Technologists need to be cognizant that data which they may have and which may appear
ancillary to their primary purpose, may in fact be extremely important for integration
planning. For example, we need to know not just how TPS will perform in flight, but also
how large joints can be sealed and how it can be folded.
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4. The non-HEAB subject of artificial gravity came up three involved times during
the fin'st day of the workshop. Our inclusion of artificial gravity as a requirement derives
from four observations. (1) Until we know certainly that it is not necessary, prudence
surely dictates assuming it is. (2) The minority of astronauts who call for artificial gravity
g for Mars missions just happen to be those (Soviet and American) with the longest-
duration experience. (3) The performance requirements is not simply to be alive after many
months in micro-g, nor to survive brief acceleration peaks, but rather to be able to carry
useful weight around on the surface of Mars. A surface EVA suit light enough to let a
person feel on Mars only as heavy as on Earth before flight, will stress suit technology
development quite a bit as it is. (4) Aside from the technology and integration
complications of tethers, artificial gravity can be accomplished for these missions at a
weight penalty of about 10%, comparable to the weight benefits available from some other
workable technology advancements, such as Earth departure engine Isp.

5. There was some confusion about whether or not computational codes for blunt
non-axisymmetric bodies would be substantially different from those for axisymmetric
bodies. Axisymmetric shapes constrain leeward payload to small volumes at (non-
axisymmetrical flow) nonzero angles of attack which generate even low amounts of lift,
and are therefore undesirable. The only aerobrake to fly during OEXP planning studies
will be AFE, a non-axisymmetric shape, albeit a hybrid one more complicated than some
other types, such as the Boeing hyperboloids. One of the splinter group conclusions was
to develop symmetrical codes "for simplicity". If the two families of codes are in fact
different enough to warrant such a development choice, then our original statement of the
need for non-symmetrical analysis codes still obtains.
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6. The research community explicitly said (in the systems groups) that it depends on
the contractor community to tell it how much development programs might cost. However,
a major factor in developing cost estimates is an understanding of the scope of work
necessary. (Examples: 50-100 hrs of Cray time to characterize one molecular transition;
10 yr to bring new TPS from concept to qualification). The contractor community can use
any estimates the research community can provide about the amount of research activity
required to achieve specified levels of technical capability.

7. The value of a flight demonstration either designed to, or forced by size to,
include a demonstration of assembly/deployment before its aeropass, cannot be
overemphasized, particularly if a PRFE or AFE-II is approved.
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CODE R/Z/E/INDUSTRY HIGH ENERGY AEROBRAKING HEAB
WORKSHOP

1/31/89 - 2/2/89 NASA AMES RESEARCH CENTER

MAIN AUDITORIUM
(Bldg. 201)

8:00 - 8:10

8:10-8:20

8:20 - 8:40

8:40 - 9:00

9:00 - 9:15

January 31. 1989

WELCOME TO AMES RESEARCH CENTER ..................... :..... V. PETERSON

PURPOSE & EXPECTED PRODUCT OF WORKSHOP ................ J. ARNOLD

PERSPECTIVE FROM OFFICE OF EXPLORATION

SPACE TRANSPORTATION INTEGRATION AGENT ............... :...B. DURRETT

NASA OFFICE OF SPACE FLIGHT OVERVIEW ........................ G. AUSTIN OR

F. HUFFAKER

HUMAN TOLERANCE TO HEAB ...................................................... M COHEN

9:15 - 9:25 QUESTION/ANSWER SESSION

9:25 9:30 Break

9:30 - 11:30 REVIEW OF MARTIN-MARIETTA STUDIES OF SPACE

TRANSPORTATION VEHICLE CONCEPTS ................................... B. CLARK

11:30-12:30 LUNCH- AMES CAFETERIA

12:30 - 2:00

2:00 - 2:05

REVIEW OF BOEING STUDIES OF PATHFINDER MISSIONS

INVOLVING HIGH ENERGY AEROBRAKING ........................ G. WOODCOCK

BREAK

NASA -OAST STUDIES OF HIGH ENERGY _ AEROBRAKING

2:05-2:15 OPENING REMARKS FROM OAST PATHFINDER

..... PAOGRA_ 0_i_.i..:...,._:'i_. ...... _....... J. MANKINS

2"15 -2:30 OVERVIEW OF OFFICE O_F=AERONAUTICS AND SPACE TECHNOLOGY

OAST HIGH ENERGY AEROBRAKING PROGRAM (MANAGEMENT) ...........

........................................................................................................ S WANDER
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2:30 - 2:40

2:40 - 2:50

2:50 - 3:20

3:20 - 3:50

3:50 - 4:00

4:00 - 4:30

4:30 - 6:30

8:00 - 8:20

8:20- 8:30

8:30 - 9:00

9:00 - 9:30

9:30 - 10:00

10:00-10:10

10:10-10:20

10:20-10:45

10:45-11:10

SPECIFICS OF AMES' AEROBRAKING EFFORTS: PAST,
PRESENT AND PLANNED

OVERVIEW OF AMES TRANSATMOSPHERICS PROGRAM .................. J. ARNOLD

AMES' MISSIONS ANALYSIS/SYSTEM STUDIES ................................. M TAUBER

AMES' AEROTHERMODYNAMICS PROGRAM ..................................... S DEIWERT

AMES COMPUTATIONAL CHEMISTRY ACTIVITY AND APPLICATIONS TO
DETERMINING PROPERTIES OF SHOCK-HEATED AIR AND MARS
ATMOSPHERIC GASES ...................................................................... D. COOPER

BREAK

AMES' PROGRAM IN THERMAL PROTECTION MATERIALS ........... H. GOLDSTEIN

OPEN HOUSE - TOUR OF AMES" HIOHENTHALPY FACILITIES: ARC JETS,

BALLISTIC RANGE AND ELECTRIC ARC SHOCK TUBE

Februaw 1. 1989

TECHNICAL OVERVIEW OF OAST HEAB PROGRAM ......... G. WALBERG

SPECIFICS OF LANGLEY AEROBRAKING EFFORTS: PAST,
PRESENT AND PLANNED

LANGLEY OVERVIEW ..................................................................... G. WALBERG

SYSTEMS STUDIES ..........................................................................R. POWELL

ANALYTICAL AND EXPERIMENTAL AEROTHERMODYNAMICS ......... K SUI-FON

OTHER APPLICABLE LANGLEY ACTIVITY ..................... J............... G. WALBERG

BREAK

SPECIFICS OF JSC AEROBRAKING EFFORTS: PAST,
PRESENT AND PLANNED

INTRODUCTION ................................................................................ J. GAMBLE

AFE AEROBRAKE TECHNOLOGY STATUS .......................................... D CURRY

MRSR SYSTEM & TECHNOLOGY STATUS ........................................ J GAMBLE
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11:10-11:30

11:30-11:50

11:50-12:10

12:10- 1:10

1:10 - 2:10

2:10 - 2:20

2:20 - 5:20

8:00 -2:00

2:00 - 2:25

2:25 - 2:50

2:50 - 3:15

3:15- 3:40

3:40 - 4:05

4:05- 4:30

AEROBRAKING GN&C EXPERIENCE ............................................. G. MCSWAIN

CFD STATUS ............................................................................................... C. L!

AEROTHERMODYNAMICS/GROUND FACILITY STATUS ..................... C. SCOTT

LUNCH

SPECIFICS OF JPL AEROBRAKING EFFORTS: PAST, PRESENT
AND FUTURE ................................................................................. L. WOOD

BREAK

OPEN DISCUSSION AND TABULATION OF CHALLENGES, ISSUES AND
TECHNOLOGY REQUIREMENTS FOR THE PATHFINDER PROGRAM IN
HIGH ENERGY AEROBRAKING PROGRAM FACING NASA AND INDUSTRY.

DINNER AT RESTAURANT (TBD)

February 2. 1989

SUBGROUP WORKING MEETINGS TO EXPAND ON ITEMS SPECIFIED AT

END OF DAY ON 2/1/88 AND PREPARATION OF SUMMARY CHARTS.

REPORT BY SUBGROUP LEADER ON SYSTEMS

STUDIES ....................................................................................... G. WALBERG

REPORT BY SUBGROUP LEADER ON

AEROTHERMODYNAMICS ...............................................................S. DEIWERT

REPORT BY SUBGROUP LEADER ON TPS .................................. H. GOLDSTEIN

REPORT BY SUBGROUP LEADER ON G. N. & C .................................... L. WOOD

REPORT BY SUBGROUP LEADER ON FLIGHT

EXPERIMENTs = J. GAMBLE

REPORT BY SUBGROUP LEADER ON EXPERIMENTAL AND

COMPUTATIONAL FACILITIES ........................................................ D COOPER

ADJOURN
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NAME

Alexander, Steve

HIGH ENERGY AEROBRAKING WORKSHOP
ATTENDANCE LIST

ORGANIZATION PHONE NO.

NASA/LeRC 216-433-5377

Arnold"J'im NASA/ARC 415-694-5365

Balakrislmart,Bah NASA/ARC 415-694-4497

Berry,William NASA/ARC 415-694-4930

Bershader,Daniel StanfordUniversity 415-424-I124

Boyd, Iain

Bulk Jeff

Cmadler,Graham

Chapman, Dean

NASA/ARC 415-694-4907

NASA/ARC 415-694-5377

NASA/ARC

StanfordUniversity

415-694-4227

Chin. Amanda NASA/ARC 415-694-5370

MAILING ADDRESS

Lewis Research Center, MS 501-6,

Cleveland" OH 44135

Ames Research Center, MS 229-3,

Moffett Field, CA 9,1035

Ames Research Center, MS 258-I,

Moffett Field, CA 94035

Ames Research Center. MS-240-1,
Moffett Field, CA 94035

Stanford University, Dept. Aero/Asn_o,

Stanford,CA 94305

Cohen, Maloom NASA/ARC 415-694-6zMI

Ames Research Center, MS 230-2,
Moffett l:ield, CA 94035

Cooper, Dave

Covington, Alan

Craig, Roger

Curry, D. M.

Dahms, Dick

Davies, Carole

Davyl Bill

Deiwert, Steve

Ames Research Center, MS 234-1,

MoffettField, CA 94035

Ames Research Center,MS 230-2,

Moffett Field, CA 94035

Stanford University, Dept. Aero/Astro,
Stanford,CA 94305

Ames Research Center, MS 234-1,

Moffett Field, CA 94035

Ames Research Center, MS 239-7,

Moffett Field" CA 94035

NASA/ARC 415-694-6213

NASA/ARC 415-694-5263

:2_:_ Y'" .....

NASA/ARC 415-694-4762

NASA/J'SC 713-483-8865

NASA/ARC 415-694-5275

Ames Research Center,MS 230-3,

Moffett Field, CA 94035

Ames Research Center, MS 229-3,

Moffett Field" CA 94035

Ames Research Center, MS 229-3,

Moffett Field, CA 94035

Johnson Spa_e Center, Code E,$321,
Houston, "IX 77058

Ames Research Center, MS 229-3,

Moffett Field, CA 94035

NASA/ARC

NASA/ARC

415-694-6204 Ames Research Center, MS 230-2,

............ Moffett Field, CA 94035

415-694-476l Ames Research Center, MS 229-3,

Moffett Field, CA 94035

NASA/ARC 415-694-6198 Ames Research Center, MS 230-2,

Moffett Field, CA 94035
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NAME

Desautel, Dick

Durtett, Bob

HIGH ENERGY AEROBRAKING WORKSHOP

ATTENDANCE LIST (Continued)

ORGh2CIZATION

San lose St. Univ.

PHONE NO.

408 -924-3841

NASA/MSFC 205-544-0628

Eclquist, Tom Martin Marietta 303-971-6458

Feiereisen, William NASA/ARC 415-594-4225

Gamble, Joe NASA/JSC 713-483-4662

Starfford University 415-424-1124

NASA/ARC 415-694-6103

Gillespie, Walter

Goldstein, Howard

Green,Mike NASA/ARC 415-694-6103

Henline, William NASA/ARC 415-694-6623

Howe, John NASA/ARC 415-694-6113

Hui, Frank NASA/ARC 415-694-4852

JPL 818-354-6776

LMSC 408-756-6676

NASA/JSC 713-483-4684

Kwok, Johnny

Laursen, Eric

Li, Chert

Lockmart,William NASA/ARC 415-694-5235

Lumpkin, Forrest NASA/ARC 415-694-3475

Mankins, John NASA/HQ 202-453-3658

McEneaney, William JPL 818-354-5636

N.C. State Univ. 919-737-2365McRae, D. Scott

McSwain, Gene NASA/JSC 713-483-8295

MAILING ADDRES S

SJSU, Dept. Aerospace Engineering,
San Jose, CA 95112

Marshall Space Flight Center, Bldg. 4200,

Marshall Space Flight Center, AL 35812

Ames Research Center, MS 230-2,

Moffett Field, CA 94035

Johnson Space Cemer, Code ED311,
Houston, TX 77058

Stanford University, Dept. Aero/As_o,
Stanford, CA 94305

Ames Research Center, MS 234-1,

Moffett Field, CA 94035

Ames Research Center, MS 258-1,
Moffett Field, CA 94035

Ames Research Center, MS 234-1,

Moffett Field, CA 94035

Ames Research Center, MS 229-3,

Moffett Field, CA 94035

Ames Research Center, MS 237-1,
Moffett Field, CA 94035

Jet Propulsion Laboratory, Code 301-140L,
4800 Oak Grove Drive, Pasadena, CA 91109

Johnson Space Center, Code ED311,
Houston, "IX 77058

Ames Research Center, MS 230-2,

Moffett Field, CA 94035

Ames Research Center, MS 230-2,

Moffett Field, CA 94035

NASA Headquarters, Code RS,
Washington, DC 20546

Jet Propulsion Laboratory, Code 301-150,
4800 Oak Grove Drive, Pasadena, CA 91109

N.C. State University, Box 7910,

Raleigh, NC 27695-7910

Johnson Space Center, Code EH22 l,
Houston, "IX 77058
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NAME
i

Menees, Gene:

HIGH ENERGY AEROBRAKING WORKSHOP
ATTENDANCE LIST (Continued)

ORGANIZATION PHONE NO. MAILING ADDRESS

NASA/ARC 415-694-3465 Ames Research Center, MS 203-2`
Moffett Field, CA 94035

Manln Marietta 303-971-9093

NASA/ARC 415-694-5888

Murbach. Mare NASA/ARC 415-694-3155

Nagaraj, N.

Nelson, Fred

Palmer, Grant

NASA/ARC 415-694-3474

NASA/ARC 415-694-4761

NASA/ARC 415-694-4226

Park,Chul NASA/ARC 415-694-5394

PoweIL Richard NASA/LaRC 804-864-4506

Prabhu,Dinesh NASA/ARC 415-694-4907

Savage,Dick Boeing/Seattle 206-773-3478

Scott,Carl NASA/JSC 713-483-6643

Sharma, Surendra

Sherwood. Brent

Smith, Scott

NASA/ARC 415-694-3432

Boeing/Huntsville 205-461-3968

LMSC

Stewart, David NASA/ARC 415-694-6614

Strawa, Tony

Sutton, Kenneth

Tam, Tim

Walberg, Gerald

NASA/ARC

NASA/LaRC

NASA/ARC

NASA/LaRC

Ames Research Center, MS 237-11,

Moffett Field, CA 94035

Ames Research Center, MS 234-1,

Moffett Field, CA 94035

Ames Research Center, MS 230-2,

Moffett Field, CA 94035

Ames Research Center, MS 229-4, ,

Moffett Field, CA 94035

Ames Research Center, MS 230-2,

Moffett Field, CA 94035

Ames Research Center, MS 230-2,

Moffett Field, CA 94035

Langley Research Center, MS 365,
Hampton, VA 23665-5225

Ames Research Center, MS 230-2,

Moffett Field, CA 94035

Johnson Space Center, Code ED311,
Houston, TX 77058

Ames Research Center, MS 230-2,
Moffett Field, CA 94035

MS JX-23, Huntsville, AL

Lockheed, Building 529, Dept. 5750,

Sunnyvale, CA 94066

Ames Research Center, MS 234-1,

Moffett Field, CA 94035

: =415--6_4-3437 Ames Research Center, MS 230-2,
.... ....... Moffett Field, CA 94035

804-864-4406 Langley Research Center, MS 366,

__ Hampton, VA 23665-5225

415-694-6094 Ames Research Center, MS 23%1,
Moffett Field, CA 94035

804-864-6055 Langley Research Center, MS 366,

Hampton, VA 23665-5225
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HIGH ENERGY AEROBRAKING WORKSHOP
ATTENDANCE LIST (Continued)

NAME ORGANIZATION PHONE NO. MAILING ADDRESS

Wander, Steve NASA/I-IQ 202-453-2828

Wdch, Dave

White, Susan

Martin Marietta 303-977-4019

NASA/ARC 415-694-5370

Willeockson, Bill Martin Marietta 303-977-5094

Wood, Lincoln JPL 818-354-3137

Zambrana, Horacio NASA/ARC 415-694-6094

NASA Headquarters, Code RE

Washington, DC 20546

Ames Research Center, MS 234-I,

Moffett Field, CA 94035

JetPropuLsionLaboratory.Code 301-1251,

4800 Oak Grove Drive, Pasadena,CA 91109

Ames Research Center,MS 230-2,

MoffettField,CA 94035

390


